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Abstract
Single crystal silicon has promising inherent structural properties which are attractive
for weight sensitive applications. Single crystal silicon, however, is a brittle material
which makes the usable strength that can be obtained from silicon devices dependent
on flaws or cracks that can arise during fabrication in a sample that begins relatively
free of defects. This research explores the use of micro-machined, single crystal silicon
(Si) for high-strength macro-scale application and determines its practical advantages
when compared to conventional approaches. The major contributions of this thesis
includes evaluation of wafer-scale silicon for macro-world applications, identification
of cellular pressure vessels as a promising wafer-scale silicon device, identification of
design criteria for brittle pressure vessels and quantified metrics for a competitive
silicon pressure vessel design, identification of DRIE failure mechanisms, elucidation
of the role of wafer-level strength variation related to surface morphology variation
in wafer-scale structures, and identification of promising strength recovery techniques
and promising avenues to explore for further strength improvements.
High pressure vessels for aerospace applications with volumes of 10’s of cc’s were
designed under the premise that the superior strength-to-density ratio of Si and post-
processing strength recovering techniques can compensate for fabrication technology
limitations that constrain the vessel shape and for the brittle nature of the material.
A combination of literature review, analysis, and numerical simulations suggest that
there are single crystal silicon fabrication technology compromised pressure vessel
designs that can have lower structural mass to pressurant mass ratios than conven-
tional pressure vessel designs at design pressures above about 6000 psi. A honeycomb
geometry offered the best results of those studied. The honeycomb silicon pressure
vessel offers the possibility of integrated micro-valves, regulators and sensors. Such
vessels would be useful for nano and pico satellites and for launch vehicles.
Fabrication processes and strength recovering techniques were explored experi-
mentally to understand and improve the usable strength of microfabricated single
crystal silicon macro-structures. It was found that silicon strength will vary across a
DRIE etched wafer as a result of submicron sidewall roughness variation independent
3
of larger geometric parameter variation. Secondary anisotropic SF6 plasma etching
and surface migration were shown to be a promising combination for recovery of mi-
crofabricated silicon strength while oxidation and oxide removal offer less promise.
Long SF6 smoothing etches revealed significantly varied sidewall roughness from that
hidden by overhanging silicon which affects correlations of surface morphology to
device strength.
An analytical model was developed that correlates silicon strength data found ex-
perimentally to the silicon pressure vessel design. The model predicts that reasonable
improvements to usable silicon strength need to be made to make a silicon pressure
vessel design competitive with conventional designs. Further work on strength uni-
formity across wafer and strength recovery is recommended to improve the usable
strength of wafer-scale, DRIE single crystal silicon devices.
Thesis Supervisor: Alan H. Epstein
Title: Professor Emeritus
Committee Chair
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Chapter 1
Introduction
Single crystal silicon is a material that has been developed for electronic applications.
Single crystal silicon has promising inherent structural properties that are attractive
for weight sensitive applications. This thesis explores the concept of using single
crystal silicon as a structural material for macro-world structures with length scales
of centimeters to tens of centimeters. It uses aerospace high pressure vessels as a
focus application.
This chapter presents the properties of single crystal silicon that make it a favor-
able structural material and discusses current pressure vessel designs optimized for
ductile metals. This chapter also presents the results of past researchers of structural
silicon and silicon-based MEMS technology relevant to pressure vessel applications.
This chapter concludes with a statement of research objectives.
1.1 Context
Single crystal silicon material offers favorable material properties and an unique alter-
native to conventional pressure vessels. In this section we will review the properties
that make silicon such an attractive structural material. We will also review the state
of current conventional pressure vessel designs.
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1.1.1 Silicon Properties
Single crystal silicon is a material with theoretical strengths higher than steel and
with a lower density than aluminum. This high strength, light weight characteristic
of silicon make it an ideal structural material. Silicon however is a brittle material
whose strength is sensitive to flaws that can arise during fabrication. The amount
of volume flaws will increase as volume increases from a micro-scale to a macro-scale
and surface flaws will increase as area increases as well.
Single crystal silicon has theoretical strengths between 15.2 and 22.4 GPa based on
molecular bond strengths in the < 110 > and < 100 > crystal planes respectively.[23]
In practice, measured silicon strengths tend to stay well below 10 GPa and tend to be
in the range of a few GPa.[8, 31, 17] Similar single crystal materials such as germanium
have achieved tensile strengths close to their theoretical strength in practice.[30] The
achievement of germanium suggests that it may be possible for silicon to achieve more
than ten gigapascals or a strength value close to its theoretical strength.
If single crystal silicon were able to reliably achieve even the high strengths that
have already been demonstrated in practice, it would hold great promise as a struc-
tural material particularly for aerospace applications. Table 1.1 shows how silicon
compares to conventional aerospace alloys of aluminum, titanium, and steel. We can
see that silicon has a density close to and less than aluminum 2014-T6 with an ulti-
mate strength, in some cases, 4 times higher than steel. This means that the strength
to density ratio of silicon is about a order of magnitude higher than conventional
aerospace materials.
The source of usable strength limitations in silicon is its brittle nature. For temper-
atures below 700 K, silicon behaves as a brittle material.[38] Failure in silicon at room
temperatures will occur as fracture with no appreciable plastic deformation.[20, 32]
As can be seen in table 1.1, silicon has a fracture toughness orders of magnitudes
lower than the aerospace materials. Fracture toughness is a quantitative description
of a material’s ability to resist fracture. Silicon’s fractures toughness is on the order
of concrete.
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Table 1.1: Material properties of Si and aerospace materials[15, 1, 6]
Materials
Single 2014-T6 6Al-4V 17-4
Crystal Si Al Ti Steel
Density [g/cm3] 2.3 2.7 4.5 7.75
Ultimate Strength up to 9000 455 900 up to 1500
[MPa]
Strength/Density up to 3.91 0.17 0.2 up to 0.19
[MPa · m3/kg]
Fracture Toughness ∼0.9 19 up to 100 up to 100
[MPa·m1/2]
Other important considerations for structural applications of single crystal silicon
are high temperature capabilities. When silicon reaches a temperature above its
Figure 1-1: Image of
drawn silicon boule[42]
brittle to ductile transition temperature, BDTT, (∼850
K) its strength is significantly reduced due to limitations
from plasticity and creep. Between 700K and 850K silicon
will display elastic-brittle behavior. Silicon has high chem-
ical aggressiveness at elevated temperatures as well. Ox-
idation is a concern for silicon materials at elevated tem-
peratures. Thermal oxidation on silicon for many hours
at temperatures as high as 1200 K can produce oxides as
thick as 5µm, which can interfere in silicon systems with
micron length scales.
Demands for high purity single crystal silicon in the
semiconductor industry have led to lower-cost, nearly de-
fect free silicon samples. Development of silicon for semi-
conductor applications began in the 1940s. By the early
1950s silicon was formed with high levels of impurities due
to its high chemical aggressiveness at high temperatures required for its preparation.
In 1952, vertical zone melting was developed in which silicon rods are slowly melted
from one end to another. Impurities would remain in the molten silicon region as
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the past silicon region cooled until a large amount of impurities are collected at one
end of the rod, which is cut off. Developments in the molten zone method led to im-
provements in silicon purity but eventually limits in the method itself made growing
processes turn back to the Czochralski method which was actually developed orig-
inally in 1916. The Czochralski process begins with a seed of single silicon crystal
drawn out of melted silicon so that the silicon crystals can align before the silicon
cools and hardens into a boule. The Czochralski method is predominately used to-
day for bulk silicon wafer production with improved levels of purity. An image of a
finished boule is shown in figure 1-1. The resultant boule has a virtually defect free
crystalline structure. The boule is then sliced into thin wafers that range between
300-1000 µm. Purity is important for strength because actual failure in silicon is the
result of flaws or cracks in the material surface and bulk that grow under critical
loading conditions.[44]
Silicon wafers can also be fusion bonded together with virtually no loss in strength
due to the bond.[16] These silicon wafers can be made with diameters up to 12 inches.
Given this manufacturing process, a silicon wafer begins its life virtually free of bulk
flaws that lead to low strength. It is thus believed that the majority of flaws in a
structure fabricated from a silicon is introduced mainly to the silicon surface from
the fabrication process.
Section 1.2 will discuss previous work done towards removing flaws introduced
from the fabrication process.
1.1.2 Conventional Pressure Vessels
Currently, conventional pressure vessel designs are not generally made with small
volumes and thus are not optimal for such. There are penalties for trying to reduce the
size of conventional pressure vessel designs. This is due to the fact that conventional
pressure vessels are made with metal machining technology that is limited to few
thousandths of a inch precision. In addition to the metal machining limitations,
high pressure conventional vessels are often times reinforced with a composite over-
wrap such as those illustrated in figure 1-2. Threading of composite fibers becomes
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increasingly difficult as the vessel size is reduced.
Figure 1-2: Images of compos-
ite overwrapped pressure ves-
sels from the ATK website
Commercial aerospace pressure vessels were inves-
tigated as part of the literature review for this project.
The majority of data came from ATK PSI Opera-
tions, who are the largest manufacturer of propellant
and pressurant tanks for the space industry. The fol-
lowing plots show the specific structural mass or mass
ratio of the tanks (structure mass)/(pressurant mass)
versus their longest dimension. The plot on the left of
figure 1-3 is for all the ATK tanks and shows theoret-
ical specific structural mass values based on the tank
dimensions, design burst pressure qburst, and theoret-
ical material ultimate strength σu. The theoretical specific structural mass values
are based on thin walled vessel theory which gives the following equations for wall
thickness t based on ultimate strength σu and vessel dimensions:[45]
t =
qburstr
2σu
, for a sphere of radius r
and
t =
qburstr
σu
, for a cylinder of radius r with spherical end caps.
The plot on the left of figure 1-3 seems to imply a trend of lower mass ratio
with larger tank dimensions. The plots on the right show that this apparent trend
disappears when the tanks are separated by monolithic tanks versus composite over-
wrapped tanks. This result indicates that there is no apparent advantage of conven-
tional pressure vessel designs for small scale applications.
Other useful findings from conventional pressure vessel investigation are that the
maximum operating pressures of the ATK vessels was at 8,000 psi achieved with a
monolithic 6AL-4V titanium vessel with typical high end operating pressures of 4,000
psi. Also, the design factors-of-safety (FOS) used on these vessels ranged from 1.5 to
2.
25
 Figure 1-3: Plots of specific tank mass versus maximum vessel dimension for ATK
vessels
1.2 Relevant Work and Motivations
As microeletromechanical systems (MEMS) have gained popularity, micro-scale sili-
con structural applications have emerged. On small scales, it is theoretically easier
to make a silicon device free of larger defects because there is less area and volume
that could contain flaws. Recent developments in silicon smoothing techniques lead
to the belief that macro-scale structural silicon can also be achieved.
1.2.1 Structural Silicon MEMS
With developments in silicon fabrication methods there has been increased work in
MEMS. One of the fabrication developments widely used in MEMS is the Bosch
process, which allows the etching of deep trenches in a silicon wafer surface with
straight sidewalls in a process called deep reactive-ion etching (DRIE).[36] The Bosch
process is simply an alternation between an isotropic etch with some ions directed
perpendicular to the wafer surface and a passivation step where the walls and bottom
of the etched trench is coated with a polymer. The directional ions cause polymer to
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be removed from the trench bottom and for the trench bottom to be etched while the
sidewalls are mostly protected by the polymer. Although the trench tends to have an
overall straight sidewall, it will have small-scale scallops due to the nature of the etch.
An image the scallops formed are shown in figure 1-4. In addition to DRIE etching
alone, DRIE etching combined with wafer to wafer bonding described in section 1.1.1
can create highly three dimensional silicon structures. Mechanical silicon structures
include pressure transducers consisting of thin silicon membranes, microscale beams,
and MEMS valves[18],[39, 21, 10],[7, 19]. More advanced structures include gears,
turbine engines with rotating blades, and chemical rocket engines[12],[8],[31].
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Figure 1-4: SEM of sidewall scallops caused by DRIE etching[43]
1.2.2 Work to Improve Silicon Strength
Some of the first investigations of steps to improve silicon wafer strength was done by
S. M. Hu.[17] Hu looked at the effects of polishing, crystal orientation, ion implan-
tation, quartz and polysilicon overlays, and annealing on silicon strength. Hu began
with polished wafers, introduced damage to the surface by grinding the surface with
grit of various particle sizes, and then attempted to repair the damage with polishing,
ion implantation, overlays, and annealing. Hu found that chemo-mechanically pol-
ished (CMP) wafers with < 100 > surface orientations achieved the highest strength
with an average strength of 3 GPa. He also found that the surface treatment that led
to the highest strength was argon implantation with annealing at 900◦C in nitrogen
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for one hour giving an average strength of 2.3 GPa.
Recent work done at MIT has led to even greater Si strengths through a variety of
surface treatments. Unlike the work of Hu, the work at MIT used Weibull statistics
to analyze silicon strength data. It is believed that the Weibull method is best for
characterizing brittle material, in particular single crystal silicon.[10, 38] The Weibull
method will be described in greater detail in section 4.1. The important results
of the Weibull method are two parameters known as the characteristic strength σ0
and the Weibull modulus m. The characteristic strength is an indicator of average
strength defined as the strength at which the probability of failure is approximately
1/3 (1/e = 0.37). The Weibull modulus, m, is an indicator of the spread of strength
values or distribution of flaw size. A higher value of Weibull modulus means a smaller
spread of strength and flaw size and a higher reliability of the material under a given
stress.
Kuo-Shen Chen was the first MIT researcher to investigate surface treatments to
improve room temperature silicon strength.[8] Chen investigated the effects of two
kinds of mechanical polishing, chemical polishing, KOH etching, and deep reactive
ion etching (DRIE) on silicon wafers with < 100 > surface crystal orientation. For
these five surface treatments, Chen used the same kind of experimental setup used
by Hu. His work found that the highest characteristic strength of σ0 = 4.6 GPa
was achieved by the DRIE etched surface with a respective low Weibull modulus of
m = 3.3. The KOH etch did achieve a high Weibull modulus of m = 7.2− 12 (range
due to uncertainty in data) with a characteristic strength of σ0 = 3.5 GPa.
Most MEMS devices are not made from silicon wafers with flat surfaces. A good
deal of MEMS devices employ DRIE etching to make high aspect ratio trenches. In the
interest of analyzing the strength of DRIE etched trenches and improving the resultant
strength of a DRIE etch, Chen developed a strength test specimen named a radiused
hubbed flexure specimen (RHFS). More details of the RHFS can be found in Section 3.
For these specimens, Chen analyzed the effects of a wet enchant consisting of nitric
acid (HNO3) and hydrofluoric acid (HF) and a dry sulfur hexafluoride (SF6) etch on
silicon strength. Although both surface treatments improved the RHFS strengths,
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the dry SF6 etch improved the strength the most with a characteristic strength of
σ0 = 4 GPa and a respective Weibull modulus range of m = 3.3− 8.8.
Further investigations of surface treatment effects on RHFS strength were done
by Erin E. Noonan. Noonan examined the effects of varied DRIE recipes with and
without SF6 surface treatments on RHFS. Noonan showed some variation of sili-
con strength with varied DRIE recipes but found significant improvement in Weibull
strength with SF6 surface treatments with a respective decrease in Weibull modu-
lus. Noonan also investigated the effects of varied DRIE recipes with and without
SF6 surface treatments on pressurized silicon pressure vessels. Noonan’s work also
incorporated stress concentration factors associated with the corner fillet radius of
both the RHFS and pressure vessels which resulted in higher characteristic strength
and Weibull modulus results. Noonan achieved the highest characteristic strength of
silicon found through Weibull methods of σ0 = 8.821 GPa with a Weibull modulus
less than 3, m = 2.572− 2.693. Noonan’s results found that with high characteristic
strengths, samples had lower Weibull moduli.
1.2.3 Motivations
Previous work done with surface treatments to improve silicon strength have had one
important feature in common. That common trait is that large values of characteristic
strength σ0 come with a decreased value of Weibull modulus m and vise-vera. In other
words, improvement of average silicon strength has always come at the cost of high
variability in the strength value. Perhaps it is possible that silicon surface treatments
either repaired or reduced the size of surface flaws in the silicon while introducing
a larger variety of small size flaws. It is believed that if it were possible to repair
surface flaws in silicon completely without introducing new flaws or new flaw sizes,
one could produce a silicon device with high silicon strength with a low variability.
Recent work has been done in a field known as hydrogen annealing also referred
to as surface migration which shows promise for repairing surface damage to sil-
icon in such a way as to improve silicon strength and Weibull modulus. Initial
research revealed that an atmosphere of low pressure between tens to hundreds of
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Fig. 9. The SEM image of a toroidal structure after hydrogen annealing. The in-
set is a close-up view of the toroidal edge. Thickness around the edge is expanded.
ever, the resultant profile transformation primarily happens at
the edges. Due to the vertical expansion, a thick rim is formed on
the edges of the structure. We can exploit this property to make
Si microtoroids. Fig. 9 shows the SEM image of a toroidal mi-
crodisk. A circular pattern with 10 m radius was first created
on a 0.2– m-thick SOI wafer. The disk was partially released
in HF to form overhangs at the edges. During annealing in hy-
drogen, the edges of the disk were not only rounded but also
expanded in the vertical direction. As a result, the microdisk
was transformed into a toroidal structure with a smooth surface.
The thickness varies from the edge to the center with a smooth
transition. As shown in Fig. 9, the toroidal radius is estimated
to be 200 nm. The microtoroid disk is attractive as an optical
microresonator [29].
IV. SIDEWALL ROUGHNESS REDUCTION
Hydrogen-enhanced surface diffusion can effectively reduce
the surface roughness. If the dimensions of a structure are
much greater than the ACR, the global shape remains largely
unchanged while the local roughness can be smoothed out.
In bulk micromachining, DRIE has been extensively used
to produce high-aspect-ratio structures. However, the cyclic
etching and deposition steps (Bosch Process) usually create
sidewall scalloping [8]. In addition, the substrate also becomes
rough after this process. Sacrificial thermal oxidation has been
utilized to improve sidewall quality [30], [31] ; however, the
process consumes too much silicon and builds up residual
stress. By employing hydrogen annealing, we demonstrate that
sidewall scalloping can be dramatically reduced. Fig. 10(a)
shows the SEM image of an as-etched circular mesa with a
15- m height and a rough sidewall scalloping after DRIE
process. The root-mean-square (rms) surface roughness is
estimated to be 100 nm at the sidewall. The wafer was then
annealed in pure hydrogen at 1100 C, 10 torr for 10 min. As
shown in Fig. 10(b), the surface roughness on both the sidewall
and the substrate was dramatically reduced.
A quantitative analysis on the sidewall roughness reduction
was measured by an atomic force microscope (AFM). A shallow
step with 0.5- m depth was first etched by a conventional dry
etch technique without optimization. The as-etched sidewall
roughness is about 20 nm. After the sample was annealed at
1100 C, 10 torr for 10 min, the vertical sidewall became sloped.
It facilitates the AFM tip to scan across the sidewall surface.
Fig. 11 displays the image of a 200 nm 200 nm scanning
area on the center of the sloped sidewall. The data shows that
the rms roughness of the annealed surface is only 0.26 nm.
Fig. 10. The sidewall roughness on a 15- m high, 2.5- m wide cylinder
(a) before and (b) after annealing. The etch is done by DRIE.
Fig. 11. Atomic force microscope image of the silicon sidewall surface after
hydrogen annealing. The inset is the step profile after hydrogen annealing. The
scan area is 200 nm by 200 nm on the sloped sidewall. The measured data show
the rms roughness is 0.26 nm.
V. CONCLUSION
In summary, we have reported a process using hydrogen
annealing for silicon profile transformation and sidewall rough-
ness reduction. Experimental analysis shows this process can
be controlled by temperature, pressure, and time. Additionally,
the transformed profile also depends on the dimensions of the
structure. We have demonstrated circular cantilever beams,
microspheres, submicron wires, and microtoroid structures
fabricated on SOI. We also show this process can significantly
reduce the sidewall scallop created by DRIE. Also, an rms
sidewall roughness of 0.26 nm, which approximates the lattice
constant of silicon, was achieved. This process can poten-
tially improve the performance of several devices, including
low-loss optical waveguides, vertical micromirrors and smooth
microfluidic channels.
Figure 1-5: Images of
smoothed sidewall roughness
on 15 µm high, 25 µm wide
cylinder before and after
hydrogen annealing taken
from reference [25]
Torr hydrogen gas at a high temperature around
1000◦C or greater for a period of time between a few
seconds to a few minutes could actually transform
the shape of silicon trenches from a rough rectangular
shape to a smooth rounded shape.[35] It is believed
that the cause of this shape change is du to the mi-
gration of surface atoms in the silicon to lower energy
states. Surface migration has been shown to remove
scallops formed by the DRIE Bosch proces as shown
in figure 1-5.[24, 25] It was previously believed that
a reducing atmosphere such as hydrogen was neces-
sary to remove native oxide on the silicon urface that
might inhibit urface migration. Recent work at Stan-
ford has measured actual migration rates and shown
that surface migration can occur in nonreducing inert
gas environments such as helium, neon, argon, and
nitrogen. It is believed that this work could lead to
improved silicon strength and reliability.
The potential f single crystal silico ’s inherent structure and the promise of
surface migra ion techniques lead to the hypothesis that high strength macro-scale
silicon structural applications may be achievable. The promise of high strength macro-
scale silicon make it a good candidate for aerospace high pressure vessels . A single
crystal silicon high pressure vessel is advantageous for a number of r asons hat can
have multiple applications.
As the size of satellite payloa s re reduc d, so re t e weight and size of he
launch vehicles utting those payload into orbit. An example of small payloads is the
development of the CubeSat done between California Polytechnic State University
and Stanford University to develop a 10 cm cubic picosatellite with a weight of no
more than one kilogram.[14] As payloads sizes decrease, so does the need for fuel
pressurization.
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 Figure 1-6: Illus-
tration of pres-
sure vessel inte-
grated in launch
stack
A simple alternative to the small scale pumps are small scale
silicon pressure vessel whose flat, wafer shapes could conceivably
fit compactly in a cylindrical launch vehicle design. Figure 1-6
illustrates how the pressure vessel would fit into a launch system.
An advantage of a silicon pressure vessel design is that the associ-
ated valves and control circuit could be integrated on-chip. Silicon
micro-valves have already been investigated.[7, 19] Silicon’s inher-
ently high strength to density ratio would make it possible to make
a light-weight pressure vessel, an important consideration for space
systems. The unique fabrication methods that exist for single crys-
tal silicon avoid the complications mentioned in section 1.1.2 with
reducing the size of conventional pressure vessels.
Other applications of silicon pressure vessels are those where a
conventional pressure vessel would be needed on smaller scales. All
the advantages that the silicon pressure vessel has to pressurize fuel
for an earth-to-orbit launch vehicle would also be advantageous as
an in-space cold-gas rocket. A cold-gas rocket system is merely
one where the pressure vessel is directly connected to a rocket
nozzle. Again, a small scale silicon pressure vessel cold-gas rocket
could have control circuits and valves integrated on chip. Another
possible application of small scale silicon high pressure vessels could be to inflate
car airbags. Current airbag inflation systems involve the decomposition of a highly
toxic propellant. Using an inert high pressure gas for airbag inflation could avoid
the possible complications of having toxic propellant. Again, with a microfabricated
silicon pressure vessel, necessary accelerometers and control circuits could be packaged
on-chip.
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1.3 Research Objectives
Single crystal silicon has excellent mechanical properties and is now widely available in
high quality. This research attempts to find out if these properties can be exploited
for macro-scale aerospace structural applications. This research seeks to find the
combination of properties, fabrication methods, and design approaches needed for
single crystal silicon to be useful.
To explore these topics, this research is broken into two separate research objec-
tives, this thesis has a scientific objective and an engineering objective. The scientific
objective of this research is to explore the use of micro-machined single crys-
tal silicon as a macro-world structural material in order to understand its
advantages and limitations. The engineering objective of this research is to use
the aerospace pressure vessel application as a proof of concept that prop-
erly fabricated single crystal silicon can be used for a useful macro-world
structure.
This thesis is structured as to primarily explore the engineering objective with an
analytical design of a silicon pressure vessel. The thesis then explores the scientific
objective through literature review, fabrication work, and experimental work. The
final research portion of this thesis will tie together the findings of both sections into
and fabrication and experimental exploration of silicon pressure vessels. Chapter 2
describes the design process for a microfabricated Si high-pressure vessel. Chapter
3 describes experimental work using a Radiused Hubbed Flexure Specimen (RHFS)
to analyze the effect of various fabrication techniques on silicon strength. Chapter 4
uses probabilistic design to integrate silicon’s brittle nature into pressure vessel design
and correlate between material tests and expected pressure vessel behavior. The final
chapter makes concluding remarks on the research and recommendations for future
research.
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Chapter 2
Design of a Silicon Pressure Vessel
This chapter describes the analytical and computational analysis of various single
crystal silicon pressure vessel designs. The silicon pressure vessel designs were chosen
arbitrarily attempting to explore the possible variations in silicon pressure vessel
design. The results of the analysis are compared with traditional titanium pressure
vessel designs and a best design is chosen from those analyzed based on design criteria
described herein.
2.1 First Order Investigation of Silicon Designs
This section analytically describes four single crystal silicon pressure vessel geome-
tries and three conventional titanium pressure vessel geometries for the purpose of
comparing both specific structural volume quantities ((structure volume)/(internal
volume)) and specific structural mass quantities or inverse storage efficiency ((struc-
ture mass)/(pressurant mass)) versus design pressure for the same internal volume.
The first four vessels described are variations of a short and wide cylinder or hol-
low disk. They are intended to model vessels microfabricated in silicon designed to
minimize the packaging length of the vessel or the area it occupies. The following
three vessels described are typical spherical, cylindrical, and toroidal vessel geome-
tries with the same volume fabricated in a typical vessel material of titanium. These
vessel descriptions are followed by a scaling used to go from specific volume quantities
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to specific mass quantities for either a silicon or titanium vessel. The final subsection
contains plots of specific volume and specific mass and an explanation of the resulting
curves.
The following design criteria were developed based on applications to small and
very small spacecraft propulsion, a microlaunch vehicle with a diameters of 4-8”, and
typical reliability demands of aerospace systems:[22]
• minimize specific structural mass of vessel, Mtank
Mgas
• 50-500 psi operating pressures in external connections
• 8-15 ksi tank design pressure
• Weibull characteristic strengths in the GPa range
• vessel reliability of 10−6 − 10−8
• design compatible with existing microfabrication techniques
The first design criteria is based on the fact that minimizing mass is an important
restriction for aerospace applications since more mass to launch requires more pro-
pellant. Minimizing packaging length of the vessel and its associated structure is
beneficial at a vehicle level. We design for an outlet pressure between 50-500 psi,
because this is typical of pressurization needs of rocket engines. A vessel reliability
of 10−8 is a minimum for most aerospace applications.
2.1.1 Silicon Vessel Designs
An assumption underlying this work is that silicon pressure vessels can be fabricated
from available single crystal material using existing microfabrication techniques. This
technology has been developed to fabricate mainly 2-D planar features with depths of
a millimeter or less on 10-30 cm diameter Si wafers. Thicker structures can be assem-
bled by bonding wafers together without loss of material strength. Most aerospace
high pressure vessels are spherical or cylindrical. Spheres of multi-centimeter diam-
eter are beyond the state-of-the-art of microfabrication, as all but very short, wide
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cylinders can be made with microfabrication. (Short, wide cylinders can be advan-
tageous in vehicle integration, but this is not considered here.) Since short cylinders
with flat plate ends are inefficient structurally, geometries that exploit the ability to
fabricate relatively shallow but complex in-plane, extruded-like geometries are con-
sidered. In this section, we address the question as to whether the combination of
superior strength and complex geometry can compensate for structural inefficiency.
Four silicon vessel geometries representing variations of a short and wide cylinders
or hollow disks were analyzed and compared to conventional spherical, cylindrical, and
toroidal vessel designs. Figure 2-1 shows the four vessels considered. The leftmost
“pancake” vessel is short and wide with no internal structure. The pancake vessel
diagram shows a cross-section of the vessel taken perpendicular to the wafer plane
surface. The second vessel from the left, a “concentric tori” vessel consists of a sphere
surrounded by tori with increasingly larger major diameter. The concentric tori dia-
gram shows a cross-section taken along the wafer surface plane above a cross-section
of the vessel taken perpendicular to the wafer surface plane. The third, “honeycomb”,
vessel consists of spherically capped cylinder cells arranged in a honeycomb pattern.
The honeycomb vessel diagram shows a cross-section taken along the wafer surface
plane above a cross-section of the vessel taken perpendicular to the wafer surface
plane. The rightmost, “wedge” vessel has a spoke-like internal structure which form
flat wedge shaped cells. The wedge vessel diagram shows a individual wedge cell
above a cross-section of the vessel taken perpendicular to the wafer surface plane.
Basic thin shell theory has been used to calculate wall thicknesses needed to con-
struct the various vessels. This theory is accurate for vessels with diameters at least
10 times larger than the wall thickness.[5] Geometry parameters were varied to find a
vessel design that minimizes the specific structural mass ((mass of structure)/(mass
of gas)) of a vessel. Because the vessel walls are considered to be thin, the stresses and
deformations in the vessels are determined by considering the entire complicated shell
as a combination of simple elements (cylinder, sphere and triangular flat plate) using
membrane solution methods. This analysis is almost identical to the more accurate
but complicated bending theory methods with the exception of a narrow strip on the
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Figure 2-1: Diagram of the four compact vessel geometries considered. From left to
right: pancake, concentric tori, honeycomb and wedge vessels respectively.
shell surfaces adjacent to the boundary.[3, 45]
The pressure vessel analysis is presented in order of complexity of the analysis. The
sections begin with the more simple designs of the honeycomb vessel and concentric
tori vessel and finishes with the more complex analysis of the wedge vessel and the
pancake vessel. These analytical descriptions are brief but more detailed calculations
can be found in appendix A.
Honeycomb Vessel
 3
Honeycomb Vessel 
This vessel analysis consists of thin walled cylinders with spherically capped ends. The 
cylinders are arranged in a honeycomb pattern with the space in between filled with material. 
The illustration to the right shows a cross-section perpendicular to the vessel longitudinal 
direction and longitudinal cross-section.  The minimum wall thickness between each cylinder is 
determined by the material stress relations for a thin-walled cylinder.  The cells are arranged so 
that symmetry is preserved. The construction of the 
honeycomb begins with a single cell that is then 
surrounded by layers of cells. The illustration shows three 
layers of cells. 
Given n  layers of cells, we can determine the total 
number of cells C . The minimum wall thickness between 
cells can be found assuming thin walled cylinders with 
spherical end caps which gives: 
f
design
f
burst rqFOSrqt σσ ==  
Given this relation, we can calculate the structural 
and internal mass of the vessel in terms of material 
strength and determine optimal dimensions for a given 
internal pressure and volume. 
Concentric Circle Vessel 
This vessel analysis consists of a center spherical 
tank or radius r  surrounded by n toroidal tanks such that: 
321 bbbr ===  
where ib  represents the minor radius of each i th torus. The illustration to the right shows a 
cross-section perpendicular to the vessel 
longitudinal direction and longitudinal 
cross-section.  The minimum wall thickness 
of each cell is determined by the material 
stress relations for a thin-walled sphere for 
the center cell and for a thin-walled torus for 
the other cells as: 
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Given this relation, we can calculate 
the structural and internal mass of the vessel 
in terms of material strength and determine 
optimal dimensions for a given internal 
pressure and volume. 
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Figure 2-2: Honeycomb vessel
cross-sections
This honeycomb vessel analysis con ists of thin walled
cylinders wit spherically capped ends. The cylinders
are arranged in a honeycomb pattern with the space
in between filled with material. The il ustration to
the right shows a cross-section p rpendicular to the
vessel longitudinal direction and longitudinal cross-
section. The minimum wall thickness between each
cylinder is determined by the material stress relations
for a thin-walled cylinder. The cells were arranged
so that symmetry is preserved. The construction of
the honeycomb begins wi h a si gle cell that is hen
surrounded by layers of ells. Figure 2-2 shows three
layers of cells.
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Given n layers of cells, we can determine the total number of cells C. The mini-
mum wall thickness between cells can be found assuming thin walled cylinders with
spherical end caps which gives:
t =
qburstr
σf
= FOS
qdesignr
σf
(2.1)
where qburst is the maximum internal pressure the vessel can withstand, r is the cell
cross-sectional radius, σf is the fracture strength of the silicon, FOS is the vessel
factor-of-safety, and qdesign is the maximum operating pressure of the vessel such that
qburst = FOSqdesign.[45]
Given relation 2.1, the ratio of structural and internal volume of the vessel in terms
of design pressure, dimensions, and material strength can be found. Section 2.1.3 will
describe how we can use the volume ratio to determine mass ratio. This ratio can then
be used to determine optimal dimensions for a given internal pressure and volume.
Concentric Tori Vessel
 3
Honeycomb Vessel 
This vessel analysis consists of thin walled cylinders with spherically capped ends. The 
cylinders are arranged in a honeycomb pattern with the space in between filled with material. 
The illustration to the right shows a cross-section perpendicular to the vessel longitudinal 
direction and longitudinal cross-section.  The minimum wall thickness between each cylinder is 
determined by the material stress relations for a thin-walled cylinder.  T e cells are arra ged so 
that symmetry is preserved. The construction of the 
honeycomb begins with a single cell that is then 
surrounded by layers of cells. The illustration shows three 
layers of cells. 
Given n  layers of cells, we can determine the total 
number of cells C . The minimum wall thickness between 
cells can be found assuming thin walled cylinders with 
spherical end caps which gives: 
f
design
f
burst rqFOSrqt σσ ==  
Given this relation, we can calculate the structural 
and internal mass of the vessel in terms of material 
strength and determine optimal dimensions for a given 
internal pressure and volume. 
Concentric Circle Vessel 
This vessel analysis consists of a center spherical 
tank or radius r  surrounded by n toroidal tanks such that: 
321 bbbr ===  
where ib  represents the minor radius of each i th torus. The illustration to the right shows a 
cross-section perpendicular to the vessel 
longitudinal direction and longitudinal 
cross-section.  The minimum wall thickness 
of each cell is determined by the material 
stress relations for a thin-walled sphere for 
the center cell and for a thin-walled torus for 
the other cells as: 
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Given this relation, we can calculate 
the structural and internal mass of the vessel 
in terms of material strength and determine 
optimal dimensions for a given internal 
pressure and volume. 
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Figure 2-3: Concentric tori cross-
sections
This vessel analysis consists of a center spherical
tank or radius surrounded by n toroidal tanks
such that:
r = b1 = b2 = b3
where bi represents the minor radius of each ith
torus. Figure 2-3 shows a cross-section perpen-
dicular to the vessel longit dinal direction and
longitudinal cross-section. The minimum wall
thickness of each cell is determined by the ma-
terial stress relations for a thin-walled sphere for
the center cell and for a thin-walled torus for the
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other cells as:
tsphere = FOS
qdesignr
σf
and
ttorus = FOS
qdesignb
2σf
2a− b
a− b
= FOS
qdesignb
2σf
2a− r
a− r
where t is the wall thickness for the cell shapes named in the variable subscript, a
is the major radius of each toroidal cell illustrated in figure 2-3, r and b are the cell
cross-sectional/minor radius, σf is the fracture strength of the silicon, FOS is the
vessel factor-of-safety, and qdesign is the maximum operating pressure of the vessel.[45]
Given this relation, we can calculate the ratio of structural and internal volumes of
the vessel in terms of material strength. Section 2.1.3 will describe how we can use
the volume ratio to determine mass ratio. This ratio can then be used to determine
optimal dimensions for a given internal pressure and volume.
Wedge Vessel
 4
Wedge Vessel 
This tank structure consists of a short cylindrical vessel with triangular wedge sections. 
Each wedge shaped cell is formed by 3 semi-cylindrical edges (one of which is curved along the 
tank edge) joined at three corners with 3 spherical arcs closed by 2 flat triangular plates on the 
top and bottom of the cell. The stresses and deformations in the cells can be determined by 
considering the entire complicated shell as a combination of simple elements (cylinder, sphere 
and triangular flat plate) using membrane solution methods. This analysis is almost identical to 
the more accurate but complicated bending theory methods with the exception of a narrow strip 
on the shell surfaces adjacent to the boundary.[5] The illustration to the right shows a single 
vessel cell above a cross-section perpendicular to the vessel longitudinal direction 
Each cell fits inside and has edges flush to an circular 
wedge with vertex angle α2 . Angle α  is determined by the 
number of cells desired C  such that:  
C
πα =  
Wall thickness is determined by the maximum stress in the 
cell structure which is caused by the hoop stress in the cylindrical 
sections (assuming flat plate sections with small areas due to small 
wedge angles/large cell numbers): 
y
designrqFOSt σ=  
Given this relation, we can calculate the structural and 
internal mass of the vessel in terms of material strength and 
determine optimal dimensions for a given internal pressure and 
volume. 
Pancake Vessel 
This vessel consists of the outer circular part of a toroidal 
vessel with two flat circular plates capping the top and bottom. Again, the stresses and 
deformations in the vessel can be determined by considering the shell as a combination of simple 
elements using membrane solution methods. This 
analysis is almost identical to the more accurate but 
complicated bending theory methods with the exception 
of a narrow strip on the shell surfaces adjacent to the 
boundary.[5] Methods to determine stresses and 
deformations adjacent to shell boundaries may be 
implemented later as they may be very significant. 
Wall thickness is determined by the maximum stress 
which occurs either in the torus section or in the plate 
section. The maximum stress in the torus section will occur at point A and is: 
t
bqdesign
tiontoroidal =secσ  
We can solve for stress in the plate given the applied stress at point A from the toroidal 
section. This gives a relation: 
a b
A 
Figure 2-4: Wedge
cell and vessel
cross-section
This tank structure consists of a short cylindrical vessel with
triangular wedge sections. Each wedge s aped cell is formed
by 3 semi-cylindrical edges (one of which is curved along the
tank edge) joined at three corners with 3 spherical arcs clos d
by 2 flat triangular plates on the top and bottom of the cell.
The stresses and deformations in the cell can be dete mi ed
by considering the entire complicated sh ll as a combination of
simple elements (cylinder, sphere and triangular flat plate) using
membrane solution methods. This an lysi is almost id ntical
to the more accurate but complicated be ing theory methods
with the exception of a narrow strip on the shell surfaces adjacent
to the boundary.[3] The illustration in figure 2-4 shows a single
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vessel cell above a cross-section perpendicular to the vessel longitudinal direction
Each cell fits inside the pancake cylinder exterior and has edges flush to a circular
wedge with vertex angle 2α. Angle α is determined by the number of cells desired C
such that:
α =
pi
C
Wall thickness is determined by the maximum stress in the cell structure which is
either caused by the hoop stress in the cylindrical sections, the stress in the spherical
section, or the stress in the triangular plate section. For conditions where the vessel
radius, R, is more than 10 time larger than the radius, r, for the cylindrical and spher-
ical cell sections, the plate section stresses will dominate the cell wall thickness (see
appendix A for more detailed calculations). The plate wall thickness is determined
by the following equation:
ttriangularplate = R · FOS
√√√√3qdesign
2σf
sin2 2α
1 + 2 cos2 2α
where t is the wall thickness for the cell shapes named in the variable subscript, R is
the major radius of the vessel, σf is the fracture strength of the silicon, FOS is the
vessel factor-of-safety, and qdesign is the maximum operating pressure of the vessel.[45]
Given this relation, we can calculate the ratio of structural and internal volumes
of the vessel in terms of material strength and determine optimal dimensions for a
given internal pressure and volume.
Pancake Vessel
This vessel consists of the outer cylindrical, circular part of a toroidal vessel with
two flat circular plates capping the top and bottom. Figure 2-5 illustrates a view
into the vessel from a cross-section taken through the vessel. Again, the stresses and
deformations in the vessel can be determined by considering the shell as a combination
of simple elements using membrane solution methods. This analysis is almost identical
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to the more accurate but complicated bending theory methods with the exception of
a narrow strip on the shell surfaces adjacent to the boundary.[3] Wall thickness is
 4
Wedge Vessel 
This tank structure consists of a short cylindrical vessel with triangular wedge sections. 
Each wedge shaped cell is formed by 3 semi-cylindrical edges (one of which is curved along the 
tank edge) joined at three corners with 3 spherical arcs closed by 2 flat triangular plates on the 
top and bottom of the cell. The stresses and deformations in the cells can be determined by 
considering the entire complicated shell as a combination of simple elements (cylinder, sphere 
and triangular flat plate) using membrane solution methods. This analysis is almost identical to 
the more accurate but complicated bending theory methods with the exception of a narrow strip 
on the shell surfaces adjacent to the boundary.[5] The illustration to the right shows a single 
vessel cell above a cross-section perpendicular to the vessel longitudinal direction 
Each cell fits inside and has edges flush to an circular 
wedge with vertex angle α2 . Angle α  is determined by the 
number of cells desired C  such that:  
C
πα =  
Wall thickness is determined by the maximum stress in the 
cell structure which is caused by the hoop stress in the cylindrical 
sections (assuming flat plate sections with small areas due to small 
wedge angles/large cell numbers): 
y
designrqFOSt σ=  
Given this relation, we can calculate the structural and 
internal mass of the vessel in terms of material strength and 
determine optimal dimensions for a given internal pressure and 
volume. 
Pancake Vessel 
This vessel consists of the outer circular part of a toroidal 
vessel with two flat circular plates capping the top and bottom. Again, the stresses and 
deformations in the vessel can be determined by considering the shell as a combination of simple 
elements using membrane solution methods. This 
analysis is almost identical to the more accurate but 
complicated bending theory methods with the exception 
of a narrow strip on the shell surfaces adjacent to the 
boundary.[5] Methods to determine stresses and 
deformations adjacent to shell boundaries may be 
implemented later as they may be very significant. 
Wall thickness is determined by the maximum stress 
which occurs either in the torus section or in the plate 
section. The maximum stress in the torus section will occur at point A and is: 
t
bqdesign
tiontoroidal =secσ  
We can solve for stress in the plate given the applied stress at point A from the toroidal 
section. This gives a relation: 
a b
A 
Figure 2-5: Illustration of pancake vessel cross-section
determined by the maximum stress which occurs either in the torus section or in the
plate section. The maximum stress in the torus section will occur at point A on the
toroidal section as shown in figure 2-5 and is equal to:
σtoroidalsection = FOS
qdesignb
t
where b is the cell minor radius illustrated on figure 2-5.[45] The maximum stress in
the plate section also occurs at point A and is proportional to:
σplate =
1
t3plate
So the wall thickness of this vessel should be determined by the following relation:
t = max
(
FOS
qdesign
σmaterial
, tplate
)
Given this relation, we can calculate the ratio of structural and internal volumes of
the vessel in terms of material strength and determine optimal dimensions for a given
internal pressure and volume.
2.1.2 Conventional Vessel Designs
The silicon pressure vessel designs presented in the last subsection are compared with
the typical pressure vessel shapes which are a spherically capped cylinder, a sphere,
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and a torus/tube. The designs are considered as monolithic titanium vessels without
composite overwrap.
Cylinder
 5
a b
σ1 
σ2 
3max_
1
plate
plate t
∝σ  
Thus the vessel wall thickness will be equal to: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛= plate
y
design t
bq
FOSMaxt ,σ  
Given this relation, we can calculate the structural and internal mass of the vessel in 
terms of material strength and determine optimal dimensions for a given internal pressure and 
volume. 
Comparison with Standard Vessel Geometries 
We compare the above vessels which would be fabricated in silicon 
to typical cylindrical, spherical, and toroidal vessel shapes fabricated in a 
typical material such as titanium. 
A cylinder with spherical end caps will have wall thickness: 
f
cdesign
c
Rq
FOSt σ=  
A sphere will have: 
f
sphdesign
sph
Rq
FOSt σ2=  
A torus with major radius to minor radius ratio 
b
a  will have: 
1
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2 −
−
=
b
a
b
a
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FOSt
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design
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The following plots assume a maximum silicon stress of 2,000 MPa and a maximum titanium 
stress of 600 MPa with a 1.5 factor-of-safety.  Only the specific tank mass for vessels with wall 
thickness Lt 10<  is plotted. In this case L  represents the smallest internal dimension for 
example bL 2=  for the pancake geometry. The largest obtainable pressure for each tank design 
so that the thin walled assumptions are met are indicated with a •. 
The following plots use geometry parameters which reduce specific structural tank mass. 
Thus we can compare the vessels to each with quasi-optimum designs.  
 
y
R
Figure 2-6: Cylin-
der vessel design
A cylindrical pressure vessel typically consists of a cylinder with
spherical hemispheres on each end. The maximum stress in the
vessel can be attributed to the hoop stress in the cylindrical
portion of the vessel which is twice that of the spherical portion.
The stress relation bet een stress and and wall thickness is:[45]
tcyl = FOS
qdesignR
σf
where R is the radius of the vessel.[45]
Sphere
As mentioned previously, the w ll thickness for a sph re with no cylindrical parts will
be half that of t e cyli der hoop stress. Thus, the wall thickness of the cylinder is
determined by:
tsph = FOS
qdesignR
2σf
where R is the radius of the vessel.[45]
Torous/Tube
 
 
Figure 2-7: Conventional torus design
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A toroidal vessel will have a maximum stress similar to the hoop stress in the
cylindrical vessel. The max stress is represented by the σ1 stress illustrated on figure 2-
7. This stress can be related to wall thickness by:
ttor = FOS
qdesignb
2σf
2a
b
− 1
a
b
− 1
where a is the major radius of the vessel and b is the minor radius of the vessel
illustrated in figure 2-7.[45] We can see that if we simply wanted to analyze a tube
and let the major radius go to infinity such that a
b
>> 1, the wall thickness equation
for the torus will reduce down to that of a cylinder.
2.1.3 Final Comparison of Analytical Analysis
In this subsection the mass ratio of the vessels presented are compared. In the pre-
vious subsection information was given to determine the specific structural volume
quantities ((structure volume)/(internal volume)). A scaling factor to determine mass
ratio and the results of the the analysis are presented in this subsection.
Vessel Volume to Mass Scaling
The mass efficiency of a pressure vessel is an important figure of merit not only for
this research’s design criteria but also for general pressure vessel design. Finding
volume ratios between the tank material and internal space can be done with the
relations from the last subsection. To convert the volume ratio to a mass ratio the
following equation is used:
Mtank
Mgas
=
Vtank
Vgas
ρtank
ρgas
=
Vtank
Vgas
ρtankRgasTgas
qdesign
(2.2)
This equation produces a conversion factor with an inverse dependence on design
pressure. This inverse dependance on pressure causes the mass ratio versus design
pressure of the multi-cell vessels to have a parabolic shape with positive curvature.
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The volume ratio for both the multi-cellular and single-cell vessels are polynomial
functions of design pressure. The volume ratio equation for the multi-cellular vessels
have a constant in the polynomial while the single-cell vessels does not. For this
reason, the inverse dependance on pressure of the volume to mass conversion factor
will force the mass ratio to a minimum as pressure is increased as can be seen in
figure 2-8
Comparison of results
The relations for mass determined in the previous subsections were used to compare
all the silicon vessel designs to the standard vessel designs made out of titanium
for a constant volume and varying design pressure. Figure 2-8 assumes a maximum
silicon stress of 1,000 MPa and a maximum titanium stress of 600 MPa with a 1.5
factor-of-safety. Only the specific tank mass for vessels with wall thickness t < 10L
are plotted to satisfy the thin-walled shell assumptions.[5] In this case L represents
the smallest internal dimension for example L = 2b for the pancake geometry. The
largest obtainable pressure for each tank design so that the thin-walled assumptions
are met are indicated with a •.
The plot uses geometry parameters which reduce specific structural tank mass.
The titanium vessels are compared to the silicon vessels with quasi-optimum designs.
These quasi-optimal designs are determined by exploring the effect of geometry, vol-
ume, and pressure variation on specific structural mass. This exploration resulted
in a few notable points about each vessel. The honeycomb specific structural mass
decreases with increasing cell height. The specific structural mass of the honeycomb
vessel decreases with increasing cell number. Structural mass of the concentric tori
vessel decreases with increasing cell number but this decrease is small for cell numbers
greater than ∼7,000. Increased cell numbers for the wedge vessel caused an increase
in structural mass while tank radius values of a few millimeters results in constant
structural mass values. For the pancake vessel, a lower aspect ratio, approaching a
spherical shape, provides lower mass ratios. Thus, the pancake vessel design with high
aspect ratios is suboptimal. The way these quasi-optimal designs were determined
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4
1. Results of Conceptual Design 
The relations for mass determined in the previous sections were used to compare all the compact vessel designs 
made with silicon to the standard vessel designs with titanium for a constant volume and varying design pressure. 
Fig. 2 assumes a maximum silicon stress of 1,000 MPa and a maximum titanium stress of 600 MPa with a 1.5 
factor-of-safety.  Only the specific tank mass for 
vessels with wall thickness t<10L are plotted to 
satisfy the thin-walled shell assumptions. In this 
case L represents the smallest internal dimension for 
example L=2b for the pancake geometry. The 
largest obtainable pressure for each tank design so 
that the thin-walled assumptions are met are 
indicated with a • . The following plot uses 
geometry parameters which reduce specific 
structural tank mass. Thus the vessels are compared 
using quasi-optimum designs.i 
The results of this analysis depicted in Fig. 2 
indicate that the honeycomb and concentric tori 
vessel designs have lower mass ratios than 
conventional vessels at internal tank pressures 
above a few thousand psi. This result is due to the 
fact that the specific tank mass of the cellular silicon 
designs will decrease inversely with increasing 
pressure for higher internals pressure. The minimal 
specific structural tank mass of these cellular 
vessels is constrained by the breakdown of the thin-wall assumption used to analyze the shell components of the 
tank. 
C. Preliminary Vessel Design 
The preliminary design started with the vessel designs analyzed in the conceptual design phase and modeled the 
resultant stresses using the finite element modeling software (FEM) ABAQUS. The results of this analysis were 
used to verify the first order analysis done in the conceptual design phase as well as give more accurate results. The 
vessel geometries were varied to achieve lower stress gradients over the vessels as well as make a more realistic 
microfabricated vessel design. This analysis assumed a 13 ksi design pressure and a total vessel volume of 10 mm3. 
The maximum stress predicted by the conceptual design was limited to 1 GPa with a 1.5 factor-of-safety. With this 
design stress limit and factor-of-safety, the design predicts a principal stress no greater than 666 MPa. 
1. Concentric Tori Vessel 
This model consisted of seven layers of cells all pressurized to 13 ksi. A quarter of the vessel was modeled cut 
about perpendicular cross sections with a symmetry boundary condition at those surfaces. The initial concentric tori 
design was a center spherical tank 
surrounded by toroidal tanks such that the 
spherical radius is equal to the minor radius 
of the torus vessels. This design had a 
maximum von Mises stress of 1,364 MPa. 
Fillets were added and walls were thickened. 
The final result with 1.5 times thicker inner 
cell walls and a circular cross section is 
shown in Fig. 3. This model has a maximum 
von Mises stress of 1,038 MPa (red areas). 
The comparison of this final design with 
conventional vessels is shown in Fig. 5. A 
vessel with fillets less than the cell radius 
does not handle stress as well as cells with a 
circular cross section. Producing circular 
cross sections with microfabrication however 
is difficult. 
 
Figure 2. Plot of specific structural mass of quasi-
optimal designs of compact vessels compared with more 
typical pressure vessel geometries, all with 10 mm3 vol. 
Figure 3. FEM results for concentric tori vessel  
Figure 2-8: Comparison of first order silicon pressure vessel analysis
are further explained in appendix A.
The results of this anal sis shows that the honeycomb and concentric tori silicon
pressure vessels have lower specific tank masses than conventional vessels at internal
tank pressures above 5,000 psi. The pancake vessel design had high stresses for the
parameters explored on figure 2-8 and thus had a mass ratio outside of plot. Internal
structure is necessary in a compact vessel design and for this reason the pancake
vessel design is not considered beyond the first order design phase. The wedge vessel
design had higher mass ratios than the honeycomb and concentric tori designs and
did not show mass ratios lower than the titanium vessel designs before the thin-wall
assumptions broke down. Thus, the wedge vessel design is not considered a strong
candidate for the silicon pressure vessel design.
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2.2 FEM Refinement of Designs
The finite element modeling (FEM) software ABAQUS was used for second order
calculation of stresses in the silicon vessel designs. This analysis was used to verify
the results of the first order analysis and give more accurate results for designs more
consistent with microfabrication technology than those analyzed in the first order
analysis. The vessel geometries were varied to achieve lower stress gradients over the
vessels as well as make more realistic microfabricated vessel designs. This analysis
assumed a 13 ksi design pressure and a total vessel volume of 10 mm3. The maximum
stress predicted by the conceptual design was limited to 1 GPa with a 1.5 factor-of-
safety. With this design stress limit and factor-of-safety, the design was limited to a
principal stress no greater than 666 MPa. Maximum principal stress is analyzed to
determine failure stress because this is typical for brittle materials and silicon is a
brittle material at room temperature.[34]
2.2.1 FEM Evaluation of Honeycomb Vessel
The FEM model for the honeycomb vessel was done with only two layers of cells all
pressurized to 13 ksi. Only half of the vessel was modeled cut about the longitudi-
nal cross section with a symmetry boundary condition at that surface. The initial
honeycomb design was cylinders arranged in a honeycomb pattern with the space in
between filled with material. This initial model was designed to have a maximum
stress of 666 MPa (1 GPa with a factor-of-safety of 1.5). This design had a maxi-
mum von Mises stress of 960 MPa. Then a lean design without cross section fillets
was modeled. This design had large stresses at the sharp corners but only had von
Mises stress of about 1 GPa everywhere else. Given this result the sharp corners were
filleted, the cell walls there thickened and the end caps were modeled as an etch in-
stead of a revolution. Fillets of r/2 and 3r/4 were considered where r is the spherical
cap radius of the initial cell design. Inner wall thicknesses of t, 1.1t, 1.5t, and 1.75t
were considered where t was the initial inner wall thickness of the design. Outer wall
thicknesses of tout, 2tout and 3tout were explored where tout was the initial outer wall
45
thickness of the design. The final result had a maximum principal stress of nearly
666 MPa (673 MPa) and is shown in figure 2-9. With a 3r/4 fillet radius, a scaling of
1.75t for the inner walls and 3tout for the outer walls, relates the first principal theory
to the FEM refinement.
 
Figure 2-9: FEM results for honeycomb vessel
2.2.2 FEM Evaluation of the Concentric Tori Vessel
The FEM model for the concentric tori vessel was done with only seven layers of
cells all pressurized to 13 ksi. Only a quarter of the vessel was modeled cut about
perpendicular latitudinal cross sections with a symmetry boundary condition at those
surfaces. The initial concentric tori design was a center spherical tank surrounded
by toroidal tanks such that the spherical radius is equal to the minor radius of the
torus vessels. This initial model was designed to have a maximum stress of 666 MPa
(1 GPa with a factor-of-safety of 1.5). This design had a maximum von Mises stress
of 1,364 MPa. Then a lean design without cross section fillets was modeled. This
design had large stresses at the sharp corners and everywhere else. Given this result
the sharp corners were filleted and the cell walls were thickened. Fillets of r/2 and
3r/4 were considered where r is the minor radius of the initial cell design. Inner wall
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thicknesses of t, and 1.5t were considered where t was the initial inner wall thickness
of the design. The outer wall thicknesses tout, was not varied.
Even with a fillet of 3r/4 and 1.5t inner cell wall thickness, the refined design
had higher stresses than the original design with a circular cross section and thinner
interior walls. The final result with 1.5t inner cell wall thickness and a circular cross
section is shown in figure 2-10. This model has a maximum von Mises stress of
1,038 MPa. The comparison of this final design with conventional vessels is shown in
the plot below. A vessel with fillets less than the cell radius does not handle stress
as well as cells with a circular cross section. Producing circular cross sections with
microfabrication, however, is difficult.
 
Figure 2-10: FEM results for concentric tori vessel in MPa
2.2.3 FEM Evaluation of the Wedge Vessel
The stresses in the wedge vessel geometry realized using the FEM software had un-
acceptable deflections and stresses, too large to make this design a viable choice for
a vessel with a small aspect ratio and so is not included.
2.2.4 Results of FEM Analysis
The changes in storage efficiency caused by changes in vessel geometry were accounted
for in a comparison plot like that from the section 2.1. Scaling factors determined by
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the FEM analysis were applied to the analytical equations allowed the comparison
of the final designs that are shown in the plot in figure 2-11. The effect of changing
the cell fillet radii (which would remove material from the spherical/circular model
of the cell) on specific structural mass is not included on this plot meaning, there
is a slight overestimate of specific structural mass by assuming spherical shapes as
opposed to filleted corners. The plot assumes a maximum silicon stress of 1,000 MPa
and a maximum titanium stress of 600 MPa both with a 1.5 factor-of-safety. Only the
specific tank mass for vessels with wall thickness t < 10L are plotted to satisfy the
thin-wall assumption. In this case L represents the smallest internal dimension. The
largest obtainable pressure for each tank design so that the thin walled assumptions
are met is indicated with a •. We see that at 13 ksi the honeycomb geometry still has
a lower inverse storage efficiency than the conventional vessel designs. The thicker
walls on the concentric tori vessel do not satisfy the thin wall assumptions at 13 ksi.
These results make the honeycomb vessel design the best choice of the geometries
analyzed.
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the sharp corners but only had von Mises 
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Given this result the sharp corners were 
filleted, the cell walls there thickened and 
the end caps were modeled as an etch 
instead of a revolution. The final result had 
a maximum von Mises stress of nearly 666 
MPa (red) as shown in Fig. 4. A comparison 
of this final design with conventional 
vessels is shown in Fig. 5. 
 The stresses in wedge geometry realized 
using the finite element modeling software 
had unacceptable deflections and stresses, 
too large to make this design a viable choice for a vessel with a small aspect ratio and so is not included. 
 
3. Results of Preliminary Design 
The changes in storage efficiency caused by changes in vessel geometry were accounted for in a comparison plot 
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D. Reliability Predictions 
 
Figure 4. FEM results for honeycomb vessel. 
Figure 5. Plot of specific structural mass of conceptual design 
and preliminary designs of viable compact vessels compared 
with typical pressure vessel geometries Figure 2-11: Comparison of second order silicon pressure vessel analysis
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2.3 Conclusions
This chapter explored stress distributions and specific mass ratios for four microfab-
ricated single crystal silicon pressure vessel designs with first order stress calculations
and finite element modelling (FEM). The designs were chosen arbitrarily trying to
explore the space of possible designs with design criteria described in section 2.1. The
specific mass ratio of the silicon pressure vessel designs were compared with that of
conventional pressure vessel geometries made of titanium. The results of the analysis
shows that the fundamental hypothesis of this research, that the superior mechani-
cal properties of single crystal silicon can result in silicon pressure vessels which are
superior to conventional designs, is only true for design pressures above 5000 psi or
more. The geometric limitations of microfabrication which limit the reduction of
silicon pressure vessel mass can only be overcome by the superior mechanical proper-
ties of silicon material for tank pressures perhaps well above 5000 psi. This result is
based on material density and geometry considerations assuming a maximum stress
of 1 GPa can be reliability achieved in the silicon vessel. Strength and reliability
capabilities of the silicon vessel design will be explored in the following chapters.
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Chapter 3
Exploring Usable Silicon Strength
with Radius Hubbed Flexure
Specimens
This chapter describes experimental work using a radiused hubbed flexure specimen
(RHFS) to explore the usable strength of silicon for wafer-scale structural applications
and explore the effect of strength recovering techniques. Previous work with RHFS
is presented. The device fabrication, modelling, and testing are described. Results
from RHFS tests are presented and discussed.
3.1 Radius Hubbed Flexure Specimen Background
The radiused hubbed flexure specimen (RHFS) was developed by Chen to study
degraded surfaces on horizontal-vertical transitions in silicon.[8] This same specimen
design was also used by Noonan later to analyze strength recovering surface smoothing
techniques.[31] The geometry of the RHFS is illustrated in figure 3-1(a). It is simply
a square centimeter die of silicon with a toroid shaped well DRIE etched into it. The
result is a hub located in the center of the die surrounded by a donut-shaped pit. The
thickness of the sample is shown as 650 µm in figure 3-1(a) but this value actually
varied between 400 µm and 650 µm in current and previous research. The membrane
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thickness that remained after etching was always 150 µm. All other dimensions did
not vary. The sample is tested by a load applied to the center of the side of the die
that does not have the deep toroid trench. The die is situated on a 7 mm diameter
hole in an aluminum holder. The test setup is illustrated in figure 3-1(b). This kind
of loading produces a axisymmetric stress distribution with a stress concentration at
the hub root at the inside bottom of the DRIE etch.
(a) Illustration of RHFS Geometry
  
 
 
 
(b) Illustration of RHFS test setup
Figure 3-1: Illustration of RHFS geometry and testing procedures (not to scale)
In this research, the RHFS fabrication steps, loading conditions, and failure lo-
cation does not closely match that of the intended pressure vessel design. In both
Chen’s and Noonan’s work the RHFS fabrication and their target specimen design
had loading conditions where the failure was expected to be at the bottom of an etch
produced by DRIE similar to the RHFS. In Chen’s work, the maximum stress and
location of expected failure was at the hub root of the rotating disk and/or the root of
a DRIE etched turbine blade. In Noonan’s work, the maximum stress and observed
failure was at the inner circumference of the pressure vessel which was produced by
DRIE. The pressure vessel cells in this research would ideally be fabricated through
a combination of DRIE followed by an isotropic etch that would produce large fillets
at the ends of the cells.
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3.1.1 Strength Recovering Techniques
Previous Work in Strength Recovering
The RHFS is used in this research not necessarily to model the pressure vessel failure
conditions but rather to evaluate the effectiveness of new strength recovering tech-
niques in a way that can be done relatively easily and can be compared directly with
previous work. Both Chen and Noonan explored isotropic wet and dry smoothing
etches done in the last step of the RHFS fabrication process. Chen explored a wet
etch which consisted of a combination of 5% HF, 55% HNO3, and 40% deionized
water and 20 seconds of a SF6 plasma etch to smooth out surface flaws caused by
the DRIE. Noonan explored two DRIE etch recipes that were slightly different from
Chen’s recipe, explored the effect of longer SF6 plasma etching (up to 2 minutes),
and incorporated stress concentration factors into her failure stress values. Table 3.1
lists the results of Chen’s and Noonan’s RHFS testings and smoothing.
Table 3.1: Previous RHFS testing results
DRIE Smoothing Characteristic Weibull
Researcher Recipe Technique Strength [GPa] Modulus
Chen MIT59 none 1.5 9.04
Chen MIT59 wet etch 2.9 4.3-5.3
Chen MIT59 SF6 (20 sec) 4 3.3-8.8
Noonan ADAM06 none 3.402 5.014
Noonan ADAM06 SF6 (20s-2min) 8.891 2.693
Noonan MIT69 none 4.691 3.101
Noonan MIT69 SF6 (20s-2min) 8.584 2.642
Linear Elastic Fracture Mechanics and Surface Roughness
We hypothesize that silicon wafers are produced in such a ways as to significantly
reduce internal flaws and that failure causing critical flaws in silicon structures are
produced on the surface through the fabrication process. This is why it is believed that
the key to improving silicon strength is reducing the surface flaw size with smooth-
ing techniques. Linear Elastic Fracture Mechanics implies that for a material with
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fracture toughness, KIC , and crack size, a,
σf =
KIC
Y
√
pia
(3.1)
such that Y is a shape factor close to unity and σf is the fracture strength of the
material. This means that the smoother the surface or the smaller the surface rough-
ness, the stronger the material will be. Single crystal silicon has a fracture toughness
between 0.8 and 1 MPa
√
m depending on the orientation of the material.[13] Thus,
to obtain a fracture strength of 1 GPa for silicon, cracks in the material can be no
larger than 0.3µm. For surface flaw considerations, this means roughness that is no
larger than 0.3µm.
Methods to Reduce Surface Roughness
The following methods for smoothing the etched silicon surfaces were considered in
this research:
• Wet etch of hydrofluoric acid/nitric acid/DI water (HF/HNO3)[8]
• Wet etch of potassium hydroxide (KOH)[8]
• Dry etch of SF6[8, 31]
• Oxidize and remove oxide[37]
• Surface Migration/Hydrogen annealing[25]
According to Chen’s work, the HF/HNO3 wet etch showed a 93% improvement in
Weibull reference strength from the baseline but with a reduction between 41% -
52% in Weibull modulus m. Chen also showed strength and modulus improvements
with potassium hydroxide wet etching (KOH) on unetched silicon specimens in a
biaxial stress state but such an etch on DRIE structures would cause etching along
the diagonal crystal planes of the silicon due to the nature of the etch and thus
would not be applicable to this work. Both Chen and Noon explored SF6 plasma
etches secondary to the DRIE etches that showed 167% - 525% improvements in
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Weibull reference strength but reductions between 2.7% - 71% in Weibull modulus m
(Weibull modulus variation was due to full data sets and subsets of data with outlier
data omitted). These promising results lead us to include secondary SF6 etches in
our exploration. One of the more promising smoothing etches considered is surface
migration which has shown effective ability to smooth silicon surfaces and fillet sharp
corners however has yet to prove improvements in silicon strength and modulus.
Surface migration was described in more detail in section 1.2.3. Finally, work has
been done in a surface smoothing process involving wet thermal oxidation and oxide
removal. This oxidation smoothing method has been used for surface roughness on the
order of hundreds to thousands of femtometers. So the most promising and practical
surface smoothing etches which are considered in testing variations in this research
are dry SF6 etches, silicon oxidation and oxide removal, and surface migration.
The photoresist mask used for the deep trench etching was reinforced with 500nm
of oxide to reduce the thickness of the roughness band that is produced on the top
portion of the trench sidewall from DRIE. This roughness band consists of vertical
striations that tend to occur at the top of the etch sidewall and disappear several
microns below the top of the etch. This action was taken to reduce sidewall roughness
that might contribute to RHFS failure at reduced strengths. This roughness band at
the top of the DRIE trench sidewall is thought to be caused by photoresist breakdown
during the etch and the oxide reinforcement is thought to reduce the roughness band
thickness or depth.[2] Noonan also used a 500nm oxide reinforcement while Chen did
not.
3.2 Fabrication
RHFS for this research were fabricated in a similar way as those made by Chen
and Noonan with a few changes.[8, 31] The processing steps are illustrated in fig-
ure B-1 and are listed in detail in appendix B along with the etch recipes. The
device starts with a 6 inch double side polished <100> orientation wafer. The
wafer is RCA cleaned so that it can be placed in a high temperature tube to have
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500 nm of wet thermal oxide grown on it at 1000◦C. Once coated with oxide, the
front and back of the wafers are coated with a thick layer of AZ4620 photoresist
with a thickness of about 8µm. (Both the front and back of the wafer are coated
with photoresist to protect the backside from damage during the etching processes.)
 
Figure 3-2: Illustration of die cross-section
and mask through process
The front-side of the of the wafer is ex-
posed with a Electronic Visions EV620
system with a mask that is illustrated
in figure B-1 as M2 and figure 3-3(b).
Mask 2 is intended to serve as align-
ment marks for the loading during the
experiment on the back-side of the
wafer and numbers to indicate the die
position on the wafer frontside. After
the photoresist has been exposed and
developed, the exposed oxide under-
neath is plasma etched with an AME
P5000 oxide dry etcher. After the ox-
ide is etched through, the photoresist is
stripped off with an oxide plasma and
the same photo steps and oxide etch
are done on the back-side with mask
2 aligning from front to back with the
two alignment marks on the mask. The
back-side of the wafer is SF6 etched
with an ICP deep trench etching sys-
tem that was also used for DRIE for 15
seconds to 1 minute to make a shallow
etch (∼ 1µm) of the alignment marks in the backside silicon. The photoresist is
removed one more time. The front-side of the wafer is coated with a thick layer of
photoresist and the wafer back-side is coated with an approximately 8µm photoresist
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layer for protection. For the 650µm wafer, a double layer between 16µm to 20µm was
necessary on the wafer front-side to prevent the oxide layer from being etched through
during DRIE. For thinner wafers, from 500µm or less, a single layer of photoresist
around 10µm was sufficient. The frontside of the wafer is exposed with mask 1 which
is aligned with the two alignment marks on the right and left off-center side of the
masks. Mask 1 is illustrated in figure B-1 as M1 and figure 3-3(b). The exposed oxide
from mask 1 is etched and the wafer is then DRIE etched until a membrane thickness
of 150µm remains. The DRIE recipe used is given in appendix B The photoresist is
then removed and the front-side is SF6 etched to make a shallow mark from the mask
2 marks etched in the the remaining oxide. The oxide is stripped from the wafer with
a buffered oxide etch solution (BOE) or a hydrofluoric acid (HF) solution and the
wafers are smoothed with SF6 etching, oxide growth and removal, and/or hydrogen
annealing/surface migration. The etch depth of each die is measured using a Wyko
NT9800 non-contact profiler and the wafers are cut with a Disco Abrasive System die
saw.
 
(a) RHFS Mask 1
 
(b) RHFS Mask 2
Figure 3-3: Illustration of RHFS masks
There was a number of differences between this RHFS fabrication and the fabri-
cation done by Chen and Noonan. Both Chen and Noonan used 4 inch wafers instead
of 6 inch wafers. Both Chen and Noonan used mask patterns that were half as dense
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with RHFS dies than the masks used in this research illustrated in figure 3-3. Noonan
used a wet buffered oxide etch (BOE) to etch the mask reinforcing oxide while Chen
did not use an oxide mask reinforcement at all. Noonan mounted her 4 inch wafer
onto a handler wafer for the DRIE while Chen used a machine that could accept
unmounted 4 inch wafers for DRIE. The thickness of the wafers used varied for each
researcher. Chen used wafers that were 500µm thick with trenches that were etched
to a depth of 350µm. Noonan used wafers that were 400µm thick with trenches that
were etched to a depth of 250µm. This research started with wafers that were 650µm
and etched to a depth of 500µm. As the research progressed, it was necessary for 4
inch wafers to be used to include the hydrogen annealing smoothing in the process.
The 4 inch wafers used were 450µm and 600µm thick due to availability. Wafers that
had a 6 inch diameter that were 500µm thick were used to compare etch depth effects
on strength. Finally, the backside alignment marks on the samples were eventually
omitted from the fabrication process. These alignment marks were etched on the
backside by both Chen and Noonan to center the load in the experiment. As will be
described in section 3.3, backside alignment marks were not necessary for centering.
The backside alignment marks were only etched on the first few RHFS sets in this
research.
     
(a) Worst fillet result
   
(b) Better fillet result
     
(c) Best fillet result
Figure 3-4: Cross-sections of RHFS showing inner hub wall and root
The deep reactive ion etching recipe used in this research cannot be compared
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directly to previous research because it was done in a different machine than the one
used by previous researchers. Finding the optimal DRIE recipe and etching conditions
required quite a bit of trial and error. It was decided early on that Chen’s MIT59 etch
recipe would be the most promising to use because it gave the largest values of Weibull
modulus with reasonably high values of characteristic strength. Although there were
a few parameters in the recipe that could be changed including etch time, passivation
time, platen power, coil power, and gas flow, only pressure was varied until an optimal
fillet radius was observed. Figure 3-4 shows a sampling of cross-sections obtained from
varying pressure. These figures were obtained with an optical microscope of a RHFS
that had been sawed in half with a die saw. During the trial and error development of
the deep reactive ion etch, it was determined that rotating the wafer by 90 degrees at
evenly distributed times during the etching process helped provide radial symmetry
of the etch and reduced risk of overheating. The radial symmetry of the etch can be
verified by the radially symmetric failure stress distribution over the wafer illustrated
in figure 3-9
3.2.1 Surface Migration and Related Fabrication
Finding a system in which surface migration could be done was difficult. Surface
migration requires a system capable of maintaining a high temperatures of at least
1000◦C and pressures of at most 10 Torr for minutes to hours. For this reason,
epitaxial chambers are required to achieve surface migration. Epitaxial chambers
are normally used to deposit a monocrystalline films on a monocrystalline substrates
and have strict cleanliness restrictions. DRIE, the main etching step used in this
research, is typically thought of as a “dirty” fabrication process since it deposits
polymer on the silicon surface and is used for higher contamination micromechanical
processes. Due to the “dirty” reputation of DRIE, it is difficult to convince those who
own epitaxy chambers for thin films to allow DRIE wafers into their system. Thus,
without a dedicated system, research with surface migration for strength recovery of
DRIE silicon will be highly limited by the discretion of others. Since this research was
done independently and not part of a larger, well-funded project like the micro-engine
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project, it had to rely on the stipulations of systems owned by other projects.
Surface migration in this research was conducted by two methods. The first
method was by hydrogen annealing on 4” wafers and required changes be made to
the process so that 4 inch wafers of RHFS resulted. The second method was with an-
nealing in an ultra-high vacuum (UHV) which could be done on 6” whose fabrication
was described above.
Hydrogen annealing was done at Stanford University in Professor Roger T. Howe’s
Centura epitaxial reactor. The wafers were annealed at 1100◦C and 10 Torr H2
pressure. The 4 inch wafers were fabricated with almost the same steps as the 6 inch
wafers with just a few differences. All the oxide etching was done with a BOE etch
instead of a dry plasma etch. The wafers were mounted onto a 6 inch quartz handler
wafer to be DRIE etched. Wafers were mounted with a target photoresist pattern.
Ultra-high vacuum (UHV) annealing was done here at MIT in Professor Eugene
A. Fitzgerald’s customized Thomas Swan/AIXTRON low pressure MOCVD system.
The results for UHV annealing was with a 3.9E−9 Torr environment at 900◦C for
just less than 66 hours.
3.3 Experimental Work
As was illustrated in figure 3-1(b), the testing of the RHFS involved a loading mech-
anism above a RHFS holder resting on a load cell. The RHFS held the centimeter
square die centered over a 7 mm hole through which the die could deflect. The test
setup is shown in figure 3-5. An Oriel Instruments DC Encoder MikeTMactuator was
used to apply the linearly translating load in a controlled way. The actuator could
apply a maximum force of 22 lbf (just less than 100N). The loader tip was applied
to the RHFS at a speed of 2µm/sec. The loader tip was controlled with its own
linear translator controller pictured in figure 3-5. The basis of test setup is Chen’s
microscope from his research. A special attachment was machined out of aluminum
to attach the linearly translating loader to Chen’s microscope experimental setup.
Aluminum sample and load cell holders were also fabricated to attach to the system.
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The load cell used could measure loads up to 50 lbs. A known weight of 10 pounds
was used to calibrate the load cell before every experiment. The load cell output was
amplified and measured through a National Instruments data acquisition card and
LabVIEWTMsoftware.
 
Linear translator 
controller 
Linear 
translator 
Load cell under sample holder 
RHFS 
Figure 3-5: RHFS experimental setup
Centering of the loader with respect to the RHFS was done by lowering the loader
tip through the 7 mm deflection hole, adjusting the microscope position, and raising
the loader tip to place the RHFS into its holder. The first few RHFS had shallow
alignment marks etched into the wafer backside to align the loader with the center
of the die. The intention was to use the microscope to center the loader. After the
experimental system was finished being developed, it was determined that the loader
could be centered by simply centering the retracting tip of the loader in the 7 mm
deflection hole as is illustrated in figure 3-6.
According to error analysis in appendix C, about 50 samples are needed to have
less than 2% error in Weibull parameter estimation. Other sources have stated that
20 to 30 samples are necessary to give accurate estimations as a rule of thumb but
do not provide substantiation for this claim.[28, 9] In this research we strive to have
50 - 100 samples per data set.
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 Centering 
translating 
loader in 
support hole
Figure 3-6: Procedure to align translating loader
3.4 FEM Modelling
A finite element model (FEM) was developed of the RHFS and its loading conditions
to determine stress distribution in the baseline device geometry and geometry varia-
tions. The finite element model allows us to have a reasonably accurate model of the
device behavior which can in turn be used to accurately evaluate the experimental
results. The baseline RHFS FEM model was made with a toroidal trench with inner
Figure 3-7: Illustration of principal stress distribution in RHFS FEM model from a
perspective below RHFS.
and outer diameter of 1mm and 2.5mm respectively, with a wafer thickness of 650µm,
and etch depth of 500µm, and a fillet radius of 11µm. Discussion on how fillet radius
was measured can be found in appendix C The model had a circular diameter of
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7mm. The RHFS model includes a steel 3mm diameter hemisphere which applies a
load that is varied to represent the range of loads that the RHFS might experience
in the experimental testing. Only a quarter of the RHFS and loading hemisphere is
modeled with a symmetry boundary condition on the x-axis and y-axis boundaries.
The circumferential edge at the diameter of 7mm is modeled as a pinned boundary
condition on the deep etch face. A mesh sensitivity study was done for the baseline
RHFS FEM model for loads of 10.74MPa, 35.81MPa, and 57.3MPa. The results of
this study are shown in appendix F. Fluctuations in maximum stress with respect to
seed sizes smaller than 150µm showed minimal fluctuations. Seed size in the model
represented the distance between seed points which defined distance between grid
points. The smaller the seed size the finer the mesh. A seed size of 50µm was used
for geometry variation studies. For the fillet radius area, partitions were manually
added to the model to refine the mesh around the small geometry variation.
3.4.1 FEM Calculation of Uncertainty
The model was used to determine uncertainty in the experimental data. The model
was used to make a table of varying load and etch depth with a constant fillet radius of
11µm and a table of varied load and fillet radius with a constant etch depth of 500µm.
The tables each varied load between 0 and 29 MPa. The table with varied fillet radius
varied the fillet radius between 1µm and 12µm in increments of 1µm. The table
with varied etch depth varied etch depth between 470µm and 570µm in increments
of 10µm. The variation showed little dependence of the maximum principal stress
measurement on small fillet radius variation and larger dependence of the maximum
principal stress measurement on etch depth variation which was taken into account
in the experimental data reduction. Wafer thickness variation did not seem to play a
major role in maximum stress variation as much as the final membrane thickness did.
Error analysis due to geometry variation is described in more detail in appendix C.
The results of the error analysis was an uncertainty of 2% in the Weibull parameters
derived from the experimental data.
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3.5 Results
Tests were performed for a number of conditions. Table 3.2 lists the differences
between the different data sets in terms of starting wafer and smoothing techniques
and the respective Weibull parameters found with the total data sets. The Weibull
plots for this data can be found in appendix D. Figure 3-8 shows a comparison of
this data with that of Chen and Noonan. For each data set, variations in strength
from binning portions of the data set based on radial position is illustrated with a
line spanning maximum and minimum Weibull parameter values in figure 3-8. Lines
of constant failure probability are also plotted so improvements in strength can easily
be identified by shifts to the right and up of a line.
Table 3.2: RHFS testing results
Wafer # of Wafer Characteristic Weibull data Thick- Smoothing Strength Modulus
[in] points ness [µm] Technique [GPa] [–]
6 112 650 1min SF6 2.33 3.78
6 108 650 1min SF6+Ox 5.51 2.40
6 68 650 1min SF6+Ox+UHV 2.9338 5.2955
4 42 450 1min SF6 1.32 2.12
4 56 450 1min SF6+0.5hr H2 0.853 7.05
4 52 600 1min SF6+2.5hr H2 1.11 8.04
6 71 500 6min SF6 4.48 2.90
6 67 500 6min SF6+Ox 5.23 1.70
Initially, a one minute long SF6 etch smoothing was explored with and without
oxidation and oxide removal smoothing on 6” 650µm wafers. The results appear
to lie on the same line of constant failure probability as Chen and Noonan’s work
as can be seen in figure 3-8. Ways of binning the data was also explored to see if
improvements could be made with the Weibull parameters. It was found by only
using data between radial positions r such that 35mm < r < 55mm (the unshaded
portion in figure 3-9) had much higher values of Weibull modulus. For the case of
SF6 smoothing without oxidation, values of m = 5.54 and σRHFS = 2.37 (with 55
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 Figure 3-8: Comparison of RHFS results to previous RHFS results.
data points) were obtained with binning as opposed to m = 3.78 and σRHFS = 2.33
without binning. For the case of SF6 smoothing with oxidation, values of m = 3.49
and σRHFS = 5.55 (with 54 data points) were obtained with binning as opposed to
m = 2.40 and σRHFS = 5.51 without binning. Variations in strength with binning are
illustrated with a line spanning maximum and minimum Weibull parameter values in
figure 3-8. This variation in Weibull modulus depending on the radial position of the
dies on the wafer supports a hypothesis that flaw size is affected by radial position
of the sample during etching. Another way to say this would be that the DRIE
process produces flaws non-uniformly but predictably across the wafer.
As described in section 3.2.1, hydrogen annealing was done on 4 inch wafers which
were mounted on a handler wafer during DRIE in addition to one minute long SF6
smoothing. The results of the hydrogen annealing showed significant improvements
for longer anneal times around 2.5 hours from the baseline of a 4 inch wafer with no
hydrogen annealing. (Note: The baseline 4 inch wafer tested did not have all the etch
depths measured so its Weibull parameters will have more uncertainty than other
Weibull parameters found experimentally.) However, all the 4 inch wafer results had
far lower failure probability than their 6 inch counterparts. This result implies that
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(a) SF6 RHFS Failure Stress in GPa
  
(b) SF6+Oxide RHFS Failure Stress in GPa
Figure 3-9: Failure stress distribution over wafer with omitted data represented by
grey area
the changes to the process necessary to accommodate 4 inch wafers may have reduced
subsequent strength of the RHFSs. It is hypothesized that the poor thermal con-
tact between the quartz handler wafer and the 4 inch wafers of RHFSs
may have led to an increase in flaws and/or flaw sizes. It was found by only
using data between radial positions r such that 35mm < r < 55mm on the 4” wafer
data actually led to lower strengths for the hydrogen annealed 4” wafers. For the case
of 0.5 hours of hydrogen annealing, values of m = 6.13 and σRHFS = 0.89 (with 26
data points) were obtained with binning as opposed to m = 7.05 and σRHFS = 0.853
without binning. For the case of 2.5 hours of hydrogen annealing, values of m = 6.20
and σRHFS = 1.19 (with 22 data points) were obtained with binning as opposed to
m = 8.0375 and σRHFS = 1.11 without binning.
Ultra-high vacuum (UHV) annealing was done on a 6” 650µm wafer in addition
to a one minute long SF6 etch and oxidation and oxide removal smoothing. It was
necessary to test surface migration on a 6” wafer to verify the hypotheses that surface
migration would in fact improve usable strength of DRIE silicon and that mounting
4” wafers on quartz handler wafers during DRIE reduced the overall strength of the
silicon (as opposed to the hydrogen annealing). The results of the UHV annealing
show the highest strength data of all the testing done in this research. Slight im-
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provements in strength were found by only using data between radial positions r such
that 35mm < r < 55mm. This data confirms that surface migration will improve
usable strength of DRIE single crystal silicon.
Finally, six minute long SF6 etch smoothing was explored with and without ox-
idation and oxide removal smoothing on 6” 500µm wafers. Wafers with a thickness
of 500µm were used to explore a theory that 350µm was an optimal etch depth for
RHFS discussed more in section 3.5.2. Six minutes of SF6 etch smoothing were used
after examining the effecting of increased SF6 etch times on the sidewall roughness
under the SEM. As can be seen in figure 3-8, the addition of oxide smoothing to
the six minute SF6 smoothing came with a significant penalty in failure probabil-
ity even though characteristic strength was improved slightly. It is hypothesized
that oxide growth and removal for strength recovery purposes results in
higher characteristic strength because it reduces large flaw sizes but may
reduce Weibull Modulus and overall strength by adding greater variation
to the flaw distribution. This could have something to do with the fact that oxide
smoothing consumes and removes a thin layer of silicon from the surface of the silicon
but may do so by adding variation with non-uniform silicon consumption in oxide
growth. Because we see improvement in characteristic strength from oxidation we
know there has to be a reduction in large flaw sizes. Reduction in Weibull modulus
and overall strength could have something to do with non-uniform silicon consump-
tion during oxidation. It has been shown that small roughness features will oxidize
faster than larger features which would change flaw variation of a silicon surface with
non-uniform roughness.[26] Research has shown that oxidation will consume less ma-
terial from sharper edges which results in sharpening of spike geometry and sharp
pits that are made more blunt and wide.[27] Although it is not clear how this kind
of oxidation sharpening will effect the critical stress of a surface flaw, it is clear that
it will change the characteristics of the silicon surface roughness which explains the
reductions of Weibull modulus.
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3.5.1 SEM Analysis of Smoothing
A scanning electron microscope was used to examine the effects of the smoothing
done to improve silicon strength. Figure 3-10 shows SEM images of the sidewalls for
various kinds of smoothing. The bottom of the image is the sidewall bottom. The
bottom of the trench can barely be seen at this angle because it is smooth and, at this
angle, appears dark. It can be seen that hydrogen annealing produces a significant
improvement in sidewall smoothness at the hub root.
 
(a) 1 min SF6 & Oxidation
 
(b) 0.5 hr H2
 
(c) 2.5 hr H2
Figure 3-10: SEM images of various amounts of smoothing (10k magnification)
3.5.2 Exploring Sidewall Roughness
We are interested in understanding the roughness patterns and vertical striations
that appear on the trench sidewalls since roughness size can be related to surface
flaw size. This phenomenon is shown in figure 3-12. Specifically, why there are
patches of striations and patches free of striations. We would like to know if these
Figure 3-11: Dis-
torted ion flux
roughness patterns vary across the wafer and if they vary de-
pending on etch depth.
What is the cause of these sidewall striations? Vertical stri-
ations on DRIE silicon sidewalls often occur on deeper etches.
I spoke with Hanqing Lee, a researcher with many years ex-
perience with DRIE who worked heavily on the MIT micro-
engine project, who says that every wafer with DRIE more
than a hundred microns deep will have vertical striations on
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the walls. It has been theorized in the literature that pitting and vertical striations on
the sidewalls are caused by charging on the dielectric resist and/or oxide that distort
the ions during DRIE.[33] Figure 3-11 illustrates how charging on the dielectric resist
and/or oxide mask can cause charged ions to be directed to the sidewalls to cause
pitting and also develop striations.
 
Figure 3-12: RHFS trench sidewall
Etch Depth and Sidewall Roughness
We would like to know if the thickness and pattern of the vertical striations on
the sidewall is consistent for different etch depths. In figure 3-13(a) it appears as if
vertical striations near the top of the etch do not reach deeper than 250µm. Striations
near the trench bottom do not seem to appear abundantly until after 350µm. Thus,
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there appears to be a “smooth” belt between 250µm - 350µm. Closer inspection
into this “smooth” region reveals roughness that looks like scallops from the DRIE
etch/passivation process as well as smaller roughness less than the order of the scallops
(all less than a micron). These ”smooth” features are shown magnified with an SEM
in figure 3-13(b). This kind of pre-smoothing surface is the best we can hope for.
Tanya Cruz Garza    08-12-10 
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First, I would like to know if the thickness and pattern of the vertical striations on the sidewall is consistent for 
different etch depths. 
 
The following images show a rough determination of etch depths using SEM images tilted to a near 90° angles. 
Etch depths are in units of mm. The top of the image is the bottom of the etch. 
 
    
500mm etch with 20 second SF6 smoothing   500mm etch depth with 60 second SF6 smoothing 
 
  
500mm etch depth with 60 sec SF6 & oxide smoothing 300mm etch depth with 60 sec SF6 & 30 min H2 
 
  
450mm etch depth with 60 sec SF6 & 150 min H2  
It appears as if vertical striations near the top of the 
etch do not reach deeper than 250mm. The least-
smoothed image in the upper left corner, also shown 
on the first page, implies striations that are etched 
below the surface. This phenomenon can be more 
clearly seen in the image below. One can see etching 
underneath the surface of the outside wall. 
With more smoothing, 
the hovering wall 
appears to be removed 
and actual features 
beneath can be seen 
more clearly as in the 
image to the left. 
(a) 500µm etch with 20 second SF6 smoothing
Tanya Cruz Garza    08-12-10 
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Striations near the trench bottom do not seem to appear 
abundantly until after 350mm. Thus, there appears to be a 
"smooth" belt between ~250mm - 350mm. Closer inspection into 
this "smooth" region reveals roughness that looks like scallops 
from the DRIE etch/passivation process as well as smaller 
roughness less than the order of the scallops (all less than a 
micron). These "smooth" features are shown magnified in the 
SEM figure to the right. This kind of pre-smoothing surface is 
the best we can hope for. 
 
 
 
Secondly, I would like to know how varied recipes affect striation thickness. 
 
             
500mm etch depth in STS2 at 63° APC angle (slightly lower pressure than annealed etches on previous page) 
 
500mm etch depth in STS3 at 25mTorr 
It appears as if the depth of the vertical striations 
at the top of the trench varies with varied recipe 
parameters. For the DRIE etch done in STS2, the 
vertical striations seems to end just before 
200mm while they appear to end around 350mm 
for the etch done in STS3. 
 
This leads me to believe that the width of the 
striations will also vary across a wafer. 
 
The extent to which the roughness band 
thickness varies will require, at the very least, 
comparison of SEM images over the span of a 
wafer. 
(b) Magnification of smooth regions be-
tween roughness bands
Figure 3-13: Inspection of sidewall at varying etch depths
We noted in the fabrication section 3.2 that Chen etched to a depth of 350µm
and Noonan etched to a depth of 250µm. We noted that 250µm is the position just
below where the striations seem to end and 350µm is just before the second roughness
band begins according to figure 3-13(a). It makes sense then that Chen’s work had
higher Weibull modulus’ m values than Noonan, because the etch depth had a smaller
spread of surface flaw sizes. For this reason we tested 500µm thick wafers etched to a
depth of 350µm. As can be seen in figure 3-8 however, this did not result in i creased
values of Weibull modulus. Therefore, we conclude tha etch depth does not play
a large factor in overall silicon strength.
Looking Underneath Overhanging Walls
Before sidewall roughness can be properly analyzed, we must address overhanging
features on the DRIE sidewall and sub-surface roughness. The top portion of both
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figure 3-13(a) and particularly figure 3-12 implies striations that are etched below
an overhanging surface. One can see etching underneath the surface of the outside
wall. For this reason, we analyze the DRIE sidewall surface with various amounts
of SF6 etching to explore below the overhanging walls to look at the solid surface
underneath. This can be seen in figure 3-14
 
(a) No SF6
 
(b) 1 min SF6
 
(c) 4 min SF6
 
(d) 6 min SF6
Figure 3-14: Off center die (10.10) with various amounts of SF6 (1k magnification)
Both Chen and Noonan performed SF6 smoothing etches that lasted between 20
seconds to 2 minutes. Although we cannot be sure that the etch rates for the SF6
smoothing etches done by Chen and Noonan were the same as those in this research,
it is proposed that the actual sidewall surface roughness of the DRIE sidewall was
hidden by a similar “curtain” of silicon overhanging wall that is apparent is figure 3-
14. After studying sidewall images from Noonan’s work, it appears as if Noonan may
have assumed smoother solid surfaces where there was not because she did not do a
sufficient amount of SF6 smoothing to review sidewall roughness below overhanging
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walls. Figure 3-15 show the hub root of a RHFS at a 5k magnification with 0 and 6
minutes of SF6 smoothing. Significant changes in the surface morphology are appar-
ent. Additionally, figure 3-15(a) looks much like the morphology of Noonan’s SEM
images of DRIE trench corners. In the case of figure 3-15(a), there are not blatant
overhanging walls that make hidden solid walls beneath apparent. Thus, smooth-
ing etches are essential to properly analyze DRIE sidewall morphology
in cases with overhanging silicon walls. Furthermore, deceptive sidewall
roughness hidden by overhanging silicon walls from DRIE are not always
blatantly apparent. As discussed in section 3.1.1, size of surface roughness can be
used to determine silicon strength and thus it is necessary to accurately determine
DRIE silicon sidewall morphology.
 
 
(a) No SF6
 
(b) 6 min SF6
Figure 3-15: Center die (7.7) root morphology with 0 minutes and 6 minutes of SF6
(5k magnification)
Strength and Sidewall Roughness Variation Across Wafer
Once overhanging sidewall features are removed, we can begin to analyze wafer side-
wall geometry across the wafer. It is quite difficult to find the largest or deepest
flaw in the RHFS sidewall particularly at the root hub where the maximum stress is
expected. The best that can be done is to identify geometric trends and variations in
general trends. We believe it is a reasonable assumption to assume that large varia-
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Figure 3-16: SEM images of DRIE sidewall at different wafer locations
tions of sidewall morphology over the length of the etch depth is a reasonable indicator
of morphology variation at the hub root. Figure 3-16 depicts 1k magnification SEM
images of RHFS sidewalls and the position on the wafer from which the RHFS came
from. If you recall from section 3.2 the wafer DRIE etch has radial symmetry because
the wafer was rotated 90 degrees evenly through the DRIE etch. One of the outermost
specimens (12.11) shown in the lower right hand corner of figure 3-16 has deep notches
etched into the sidewall close to the hub root. This geometry explains why Weibull
modulus is increased when data from radial positions greater than 55mm are included
in the Weibull parameter calculations. This SEM investigation confirms that DRIE
silicon strength with vary radially across the wafer. Furthermore, we find
that removing the effects on strength of micron-scale geometry variation
across the wafer (which was accounted for by the uncertainty analysis in
73
appendix C) elucidates submicron scale geometry variation on the DRIE
sidewalls which could be correlated to strength variation across the wafer.
Findings of radial strength variation from data binning and SEMs of macro-scale
DRIE sidewall morphology brings to light a major difference between micro-scale and
macro-scale device design. For micro-scale, die-level design, devices can be separated
out preferentially from a single wafer so that higher strengths are obtained. For a
macro-scale, wafer size device, we must design around the weakest link or what would
have been the weakest die of a wafer full of micro-scale devices. Furthermore, it is
important to note that strength variation across the wafer was found after accounting
for micron scale geometry variations across the wafer. Thus, for wafer-scale struc-
tural devices, strength uniformity across a wafer is an additional concern
to micron scale geometry uniformity across the wafer.
3.6 Summary
This chapter described experimental work to explore the usable strength of wafer-
scale etched single crystal silicon using a radiused hubbed flexure specimen (RHFS).
Previous work with RHFS was included in silicon usable strength analysis.
The strength recovery ability of SF6 plasma etches, silicon oxidation and oxide
removal, and surface migration were explored. SF6 plasma etches also resulted in
small amounts of strength recovery in the form of increased characteristic strength
with reduced Weibull modulus. Oxidation and oxide removal resulted in both mi-
nor improvements and loss in strength with improvements in characteristic strength
making oxidation an unreliable method for DRIE silicon strength recovery. Surface
migration in the form of hydrogen annealing on 4” wafers resulted in visible smooth-
ing of DRIE sidewalls but gave overall reduced strength due to wafer mounting added
to the process to adapt the fabrication process to 4”. Surface migration in the form
of UHV annealing on 6” wafers gave the highest level of strength recovery but re-
sulted in little visible smoothing to the DRIE sidewall. Overall surface migration has
shown promise for strength recovery that could not be fully explored explored due to
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limitations of resources and funding in this project.
SEM analysis of DRIE silicon sidewalls with long SF6 plasma etches revealed
differences in observed sidewall roughnesses from DRIE resulting from removal of
overhanging silicon “curtain” features. Such differences in sidewall roughness affects
correlation of silicon strength to surface flaw size.
Strength variation across a wafer from DRIE was found to be a concern for wafer-
scale device design independent of strength variation due to design geometry variation
across wafer. By isolating radial subsets of RHFS data that was normalized for
geometry variation greater than a micron from a single wafer, DRIE silicon strength
was found to vary dramatically across a wafer. Submicron sidewall variation was
found to be a likely candidate for strength variation across a DRIE silicon wafer.
This implies that the usable strength of DRIE silicon is limited by two across wafer
variations, geometry variation (wall thickness, etch depth) and material strength
variation from sub-micron geometry.
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Chapter 4
Probabilistic Design of Silicon
Pressure Vessel
In this section, we examine the impact of the brittle nature of silicon on pressure vessel
design. We review statistical methods for characterizing brittle materials and then
use these concepts to deduce the material properties needed for a reliable realization
of the geometries discussed in chapter 2. The probabilistic design process for the
pressure vessel will include an explanation of how material strength testing results
will be incorporated into the final design.
4.1 Weibull Statistics
Material strength for brittle materials, such as single crystal silicon, is non-deterministic.
This means that, as opposed to ductile materials such as titanium, a silicon structure
will not reliably fail at the point of maximum stress or even at the same value of stress
for each incidence of failure. Instead, the value and location of the failure stress of
a brittle structure will be dependent on populations of flaws in structure. Flaws are
any kind of imperfection in the material like cracks or incipient cracks. The kind of
flaws in the materials, the size of the flaws, the orientation of the flaws with respect
to the internal stresses in the structure, and the location of the flaws is unique to each
device and will determine how each individual device will fail. Since flaw populations
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in the structure determine its statistical strength, the volume and/or surface area of
a given brittle structure will also play a role in the amount of flaws in the structure
and thus the strength.
There are various ways to analytically model the probabilistic strength distribution
of a given brittle material. The most common approach used for brittle material like
ceramics and particularly single crystal silicon and the one used in this research is the
Weibull weakest-link theory (WLT).[41] The Weibull WLT theory assumes a brittle
structure fails when the equivalent stress at a flaw reaches a critical value depending
on a fracture mechanics criterion and flaw details. The Weibull WLT only considers
failure in tension because brittle materials have much stronger compressive strengths
than tensile strengths. Classical three-parameter Weibull WLT for a material in
uniaxial tension is given by
Pf = 1− exp
(
− V
V0
(
σ − λ
σ0
)m)
where V is the volume of the material, V0 is the reference volume, σ0 is the Weibull
scale parameter or characteristic strength, m is the Weibull shape parameter or the
Weibull modulus, and λ is a location parameter or threshold parameter. The char-
acteristic strength, σ0, is an indicator of average strength defined as the strength at
which the probability of failure is approximately 1/3 (1/e = 0.37). The Weibull mod-
ulus, m, is an indicator of the spread of strength values or distribution of flaw size. A
higher value of Weibull modulus means a smaller spread of strength and flaw size and
a higher reliability of the material under a given stress. The threshold parameter, λ,
represents a cut-off of the strength and is often taken to be zero for ceramics which
gives the two-parameter Weibull distribution described in earlier chapters:[29]
Pf = 1− exp
(
− V
V0
(
σ
σ0
)m)
This two-parameter Weibull function can also be taken for materials where flaws
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only occur on the surface. In this case, surface area replaces volume to give:
Pf = 1− exp
(
− A
A0
(
σ
σ0
)m)
The equations given above are for uniaxially stressed materials. For samples
exposed to multiaxial stress states this equation must be modified. One of the more
commonly used techniques to deal with multiaxial stress states is the principle of
independent action (PIA) model.[4, 11] This model assumes that principal stress
σ1 ≥ σ2 ≥ σ3 act independently and if all principal stresses are tensile then the
failure probability is equal to:
PA = 1− exp
(
− 1
A0
∫
A
[(
σ1
σ0
)m
+
(
σ2
σ0
)m
+
(
σ3
σ0
)m]
dA
)
(4.1)
PV = 1− exp
(
− 1
V0
∫
V
[(
σ1
σ0
)m
+
(
σ2
σ0
)m
+
(
σ3
σ0
)m]
dV
)
(4.2)
where PA and PV are the overall surface flaw and volumetric flaw based failure prob-
abilities.
4.2 Probabilistic Design of Vessel
The design of structures made of a brittle material is done in a iterative way. First,
continuum stress analysis is used to determine stress distribution in a structure, and
the structure is modified to reduce the overall stress in the structure. Then, the
statistical strength of the material is found experimentally to determine the design’s
reliability or, alternatively, probability of failure. Based on the desired reliability for
the structure, the design must be modified to accommodate the reliability restrictions.
In chapter 2 continuum mechanics were used to determine the stress distribution in
the honeycomb pressure vessel. In this section, the statistical model for the pressure
vessel is presented which will enable us to calculate the reliability of the vessel design
given statistical strength information.
To enable an analytically solvable model of the honeycomb vessel, we model the
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vessel as single cells acting structurally independent of each other. Each cell is con-
structed as as inner-wall section modeled as a cylindrical section acting independently
of a top and bottom wall section modeled as a plate section. The following one-
dimensional approximations of equations 4.2 and 4.1 are used to analyze the nearly
radially-symmetric stress in the cell.
PA = 1− exp
(
− 1
A0
∫
A
[(
σ(r)
σ0
)m]
dA
)
(4.3)
PV = 1− exp
(
− 1
V0
∫
V
[(
σ(r)
σ0
)m]
dV
)
(4.4)
where PA and PV are the overall surface flaw and volumetric flaw based failure prob-
abilities, r is the radial position, and A0 and V0 are the reference area and volume
respectively. The two sections of the cell are illustrated in figures 4-1 and 4-2 respec-
tively.
4.2.1 Cell Inner-Wall Modeled as Cylinder
The inner-walls of the cell are modeled as a cylindrical section with internal pressure
in which stress occurs as an axisymmetric hoop stress. In reality, the inner cell walls
are not perfectly cylindrical, there are external pressures acting on the wall due to
the surrounding cells, and there is tension in the wall in the z−direction caused by
the pressure on the top and bottom cell walls. It is believed that these forces would
act to reduce the stress in the inner-wall section. Thus, the model of the inner-wall
as a cylindrical section under internal pressure should give a reasonable estimate of
the forces on the wall. The results from the FEM analysis done in section 2.2 showed
that is more accurate to use a scaling of 1.75t in the place of the inner wall thickness t
with a 3r/4 fillet radius. This was done for the mass ratio calculations but is omitted
from these calculations. A 1.5 factor-of-safety was also omitted from this model.
A cylinder with a uniform internal pressure, q, has a maximum principal stress
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Figure 4-1: Illustration of cell cylindrical section
distribution due to hoop stress equal to the following:
σθ =
qa
t
(4.5)
For thin-walled cylinders, this stress is assumed to be uniform across the wall thick-
ness. The failure probability of a structure can thus be expressed by substituting
equation 4.5 into equations 4.3 and 4.4 to get:
PA = 1
− exp
−1
A0
∫ h
0
∫ 2pi
0
(
σθ
σ0
)m
rdθ dz
∣∣∣∣∣
r=a+t/2
+
∫ h
0
∫ 2pi
0
(
σθ
σ0
)m
rdθ dz
∣∣∣∣∣
r=a−t/2

≈ 1− exp
[
−4piah
A0
(
qa
tσ0
)m]
(4.6)
and
PV = 1− exp
[
− 1
V0
∫ h
0
∫ 2pi
0
∫ a+t/2
a−t/2
[
σθ
σ0
]m
rdr dθ dz
]
≈ 1− exp
[
−2piath
V0
(
qa
tσ0
)m]
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4.2.2 Cell Top and Bottom Wall Modeled as Clamped Plate
The top and bottom walls of the cell are modeled as a circular plate section that is
clamped on the outer edge. Clamping was chosen in lieu of pinning because this kind
of support resulted in the highest stresses. In reality, we expect the stress behavior of
the top and bottom wall to be somewhere between a pinned and clamped plate but
chose the clamped model in order to be most conservative.
A clamped circular plate with uniform pressure, q, applied from below has a
maximum principal stress distribution of
σf = Kt
zMr
t3/12
= Kt
3q
4t3
[
(3 + ν) r2z − (1 + ν) a2z
]
(4.7)
In this case, Kt is the stress concentration factor due to the fillet of the plate edge
such as would be in the cell illustrated in figure 4-2
 
 
 
 
 
Figure 4-2: Illustration of cell plate section
The failure probability of this structure can thus be expressed by substituting
equation 4.7 into equations 4.3 and 4.4 to get:
PA = 1− exp
(
− 1
A0
∫ 2pi
0
∫ a
0
[(
σr (z = t/2)
σ0
)m]
rdr dθ
)
(4.8)
We only evaluate this equation at z = t/2 because the z = −t/2 surface will be in
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compression. We note that:
(
σr (z = t/2)
σ0
)m
=
(
Kt
3q
4t3σ0
)m ( t
2
)m [
(3 + ν) r2 − (1 + ν) a2
]m
(4.9)
Thus by substituting equation 4.9 into equation 4.8 we get:
PA = 1− exp
{
− 1
A0
(
Kt
3q
8t2σ0
)m ∫ 2pi
0
∫ a
0
[
(3 + ν) r2 − (1 + ν) a2
]m
rdr dθ
}
= 1− exp
{
−2pi
A0
(
Kt
3q
8t2σ0
)m ∫ a
0
[
(3 + ν) r2 − (1 + ν) a2
]m
rdr
}
(4.10)
and
PV = 1− exp
(
− 1
V0
∫ t/2
0
∫ 2pi
0
∫ a
0
[(
σr
σ0
)m]
rdr dθ dz
)
= 1− exp
(
−2pi
V0
(
Kt
3q
4t3σ0
)m ∫ t/2
0
∫ a
0
[
(3 + ν) r2 − (1 + ν) a2
]m
zm rdr dz
)
(4.11)
4.2.3 Multiple Cells
To account for the fact that there are multiple cells the probability must be adjusted.
For systems with n cells failure will occur if one or more cells fail which is the same
as:
Pftotal = 1− P (no vessel failure)
= 1− (1− Pf )n
≈ nPf(4.12)
4.2.4 Designing for the Weakest Cell
As discovered in the chapter 3, an important consideration for a wafer-scale design
is the weakest component of the wafer. For our purposes, this means the weakest
cell in the cellular pressure vessel design will determine the entire vessel’s achievable
strength. This means that fabrication variation in geometry values that factor into
stress distribution, and thus failure probability calculation, will have significant ef-
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fects on the strength of the pressure vessel. These geometry factors include sidewall
thickness, top and bottom wall thickness, and cell radius. For these reasons, it is
important to monitor and control mask undercutting which affects the cell’s sidewall
thickness and cell radius. It is important to monitor and control etch depth variation
across the wafer which effects the thickness of the top and bottom walls of the cells.
The considerations of micron scale geometry variation for failure probability concerns
is in addition to submicron geometry that effects strength variation across the wafer
described in section 3.5.
4.2.5 Final Design Selection
This subsection goes through the process of determining the necessary material prop-
erties to achieve the desired reliability for our design. The equations derived in the
last subsections can be integrated for a set of pressure vessel design parameters and
over a range of σ0 and m. In section 2.1 design criteria was made determining that
failure probability should be between 10−6 and 10−8. By keeping the failure probabil-
ity a constant value of 10−8, the values of σ0 and m can be found for a single design.
Pressure vessel geometric parameters can be found using the relations from chapter 2
for a given material stress σf , design pressure qdesign, and volume. In other words, by
specifying failure probability to be 10−8, specifying material strength, σf , specifying
a design volume of 5 cc, and specifying design pressure to be ≤ 15ksi the equations
from the previous section can be solved for necessary Weibull material strength values
σ0 and m.
This computation was done with MatlabTMand plotted against the previous work
of Chen and Noonan in figure 4-3(b).[8, 31] Designs with material strengths, σf equal
to 1 GPa and 1.76 GPa are plotted. Directly next to the Weibull parameters plot is
the mass ratio plot for a given design material strength σf for comparison. We can see
from figure 4-7(b) that the larger material stress σf that can be achieved, the lower
the specific mass the design will have for the same design pressure. Conversely, the
higher material stress, σf that is desired, the higher characteristic strength, σ0, and
Weibull modulus, m, must be achieved. A material stress as high as 1 GPa has been
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achieved in the past as can be seen in the figure. A material stress of 1.76 GPa would
be the material stress achieved if one could obtain both the highest characteristic
strength achieved by Noonan with the highest Weibull modulus of Chen in a single
material. Thus, reliably achieving a material stress of 1.76 GPa appears to be an
achievable goal.
 
(a) Mass ratio
 
(b) Weibull parameters
Figure 4-3: Parameters for honeycomb vessel design with a 5 cc volume, failure
probability of 10−8, a design pressure ≤ 13 ksi, and for silicon strengths of 1 and 1.76
GPa
4.3 RHFS Test Data Reduction
Chapter 3 described the radiused hub flexure specimen (RHFS) testing methods and
stress distribution. This section describes how that test data is used to determine
material strength of silicon in terms of Weibull strength, σ0, and Weibull modulus,
m. Once σ0 and m for the RHFS are found, they must be scaled to be applicable to
the pressure vessel design since the two geometries vary in stress distribution, volume,
and surface area. Once corresponding σ0 and m values are determined for a given
pressure vessel design, they can be substituted into the equations in section 4.2 to
determine the probability of failure for any given pressure vessel design.
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4.3.1 Correlating RHFS Data to Pressure Vessel
To correlate the RHFS data to the pressure vessel data, the characteristic strength,
σ0, and Weibull modulus, m, for the RHFS respectively represented by mRHFS and
σRHFS must first be found. Once Weibull parameters for the RHFS are found, they
then can be scaled for the pressure vessel to predict mPV and σPV .
Determining Weibull Parameters for the RHFS
To determine the characteristic strength, σRHFS, and Weibull modulus, mRHFS, for
the RHFS tests, the failure stress, σf , must be determined for each specimen. After
the failure stress is found for each specimen, the data must be plotted and a linear
fit must be made to determine the Weibull parameters.
The raw RHFS test data is in the form of maximum applied load which must
first be converted to failure stress, σf , for each specimen. It is desirable to convert
this maximum load data into a critical stress or failure stress, σf , and a location
on the RHFS where the critical stress occurred. Since the desire of this work is to
improve usable silicon strength, the location of the critical stress would prove valuable
information to this end. The easiest way to convert the maximum load data into stress
would be to assume that the failure for the RHFS occurred at the location of highest
stress according to the stress distribution determined by ABAQUSTMwhich is the hub
root. In order to make this kind of assumption however, we would need to confirm
in some kind of reliable way that failure in fact occurred at the hub. During actual
experiments, it was often observed that the center hub of the RHFS would completely
detach from the structure as shown in figure 4-4. As seen in section 3.5, this method
has given Weibull strength data consistent with previous work.
Once the failure stress values are determined for the specimens, the Weibull pa-
rameters can be found. To calculate the Weibull parameters, the failure stress values
are sorted so that they are in ascending order from i = 1 to N and they are each
assigned a failure probability Pf (i) = (i − 0.5)/N , where N is the total number of
test specimens. The data is plotted on a log-log scale with log(1/(1 − Pf )) on the
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Figure 4-4: Failed RHFS where center hub has been detached
y-axis and σf (i) on the x-axis. Finally, a linear fit is made to the data using the least-
squares method. The resulting slope and intercept are the RHFS Weibull modulus
and characteristic strength, mRHFS and σRHFS respectively. These Weibull plots are
provided in appendix D and a sample plot is shown in figure D-1
 
Figure 4-5: Weibull Distribution for 6 inch 650µm Thick Wafer with 1 minute SF6
Smoothing and 112 Data Points
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Scaling Data with Effective Area
After the Weibull parameters are determined for the RHFS, then the data must be
scaled to determine Weibull parameters that can be achieved by the pressure vessel
design. A structure under non-uniform stress can be considered as the sum of small
elements under uniform stress. This way the probability of failure of the structure
is simply the sum of the probability of failure of each small element under uniform
stress. By considering a structure in this way, we can compare Weibull parameters
between two structures made of the same material, with small differences in size, and
the same manufacturing methods by a ratio of effective areas or effective volumes.
The effective area or effective volume of the material can be defined by:
Aeff =
(
1
σf
)m ∫
A
(σm1 + σ
m
2 + σ
m
3 ) dA(4.13)
Veff =
(
1
σf
)m ∫
V
(σm1 + σ
m
2 + σ
m
3 ) dV(4.14)
where σf is taken to be the maximum principle (tensile) stress in the model. The
Weibull modulus, m, will remain the same between two different geometries. The
characteristic strengths will be related in the following ways for surface and volume
based flaws respectively:
σPV
σRHFS
=
(
AeffRHFS
AeffPV
)1/m
(4.15)
σPV
σRHFS
=
(
VeffRHFS
VeffPV
)1/m
(4.16)
where σx is the characteristic strength for the x geometry such that x is either the
pressure vessel (PV) or the radiused hubbed flexure specimen (RHFS) and Aeffx
and Veffx are the effective areas and volumes related with the x geometry .[9] The
AeffPV and VeffPV can be found substituting equations 4.5 and 4.7 into equations 4.13
and 4.14.
Determining the effective area of the RHFS requires knowing the stress distribu-
tion in the RHFS. This is done using a model for the RHFS given by Noonan.[31]
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Noonan modeled the RHFS by superimposing two loading conditions. The first load-
ing condition is a plate with a circular hole in the middle subject to a bending moment.
The second case is a plate with a circular hole in the center subject to a shearing force.
This combination is illustrated in figure 4-6. This model will result in equations for
radial and tangential components of stress, σr and σt that can then be substituted
into equations 4.13 and 4.14. The analysis given by Noonan assumes the membrane
Figure 4-6: Noonan model for RHFS
is thin and does not consider stress variation through the thickness of the membrane
plate. Thus, the only principle stresses used in effective area and volume calculations
are the radial and transverse principal values while the third principal stress is not
used in equation 4.13 and 4.14. The thickness of the plate would thus become a
constant multiple difference between the effective area and the effective volume.
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Table 4.1: Comparison of RHFS Aeff Calculations with Noonan.
Noonan RHFS Data without Kt
MIT 69 MIT69+SF6 ADAM06 ADAM06+SF6
m 2.706 2.358 4.542 2.523
σRHFS [GPa] 1.963 3.450 1.493 3.985
AeffRHFS [m
2] 7.26E−7 1.07E−6 1.12E−7 8.73E−7
Garza RHFS Analytical Model Values without Kt
AeffRHFS [m
2] 2.17E−6 2.82E−6 1.01E−6 2.46E−6
Noonan RHFS Data with Kt
m 2.961 2.524 4.788 2.572
σRHFS [GPa] 4.691 8.584 3.402 8.821
AeffRHFS [m
2] 5.48E−7 8.90E−7 9.07E−8 8.43E−7
Garza RHFS Analytical Model Values with Kt
AeffRHFS [m
2] 1.94E−6 2.46E−6 9.59E−7 2.46E−6
Validation of Model
It is valuable to validate the model discussed in the last section by comparing effective
areas calculated with the model to Noonan’s values found using stress distribution
results found through the ABAQUSTMmodel integrated discretely using the NASA
CARES program. The NASA CARES program was originally developed at NASA
Glenn to calculate failure probability of macroscopically isotropic ceramic compo-
nents. The CARES program has subsequently been transferred to a company called
Connecticut Reserve Technologies.[29] In this research we hypothesize that the ma-
jority of failure causing flaws are those on the surface introduced by the fabrication
process. So we consider effective area to validate the model, we substitute the result-
ing σr and σt given by Noonan’s analytical model into equation 4.13 and compare the
results in table 4.1.
The difference between the effective areas calculated by Noonan’s CARES calcu-
lation and the analytical calculation I did range from a factor of about 3 in most of
the cases to a factor of 11 difference in the ADAM06 DRIE recipe case. I believe this
difference in the models exist because of the crudity of my model compared with the
FEM model used with CARES that Noonan had.
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4.3.2 Predictions for Pressure Vessel
The model presented in this chapter is used to predict achievable strength of a hon-
eycomb silicon pressure vessel based on RHFS results. The stress distributions given
in equation 4.5 and 4.7 can be substituted into equation 4.13 to calculate the effec-
tive area of the pressure vessel design considered in section 4.2.5 which can then be
substituted into equation 4.15 with RHFS data and effective area calculations to find
the characteristic strength predicted for the pressure vessel design from the RHFS ex-
periments. The results of this analysis is plotted on figure 4-7. Figure 4-7(a) includes
scaled RHFS from this work in black, from Chen’s work in pink, and from Noonan’s
work in green. Lines of constant design are depicted for both the strongest results of
this work and Chen’s work and show a maximum allowable pressure vessel stress of
300MPa and 450MPa respectively. It is apparent from the figure 4-7(b) that pres-
sure vessel designs with the maximum stresses produced in this work will
not be sufficient to produce a competitive silicon pressure vessel design.
35
Scaling RHFS Data to Pressure Vessel
 Improvements in strength insufficient when scaled to 
pressure vessel
(a) Weibull parameters
35
Scaling RHFS Data to Pr ssure Vessel
 Improvements in strength insufficient when scaled to 
pressure vessel
(b) Mass ratio
Figure 4-7: Predictions for achievable silicon pressure vessel strength plotted with
parameters for honeycomb vessel design with a 5 cc volume, failure probability of
10−8, a design pressure ≤ 13 ksi, and for silicon strengths of 1 and 1.76 GPa
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4.3.3 Wafer-Scale Implications
This model which correlates RHFS data to pressure vessel data can be used to evaluate
across wafer strength variation implications for the strength of a wafer-scale pressure
vessel. Using this model and combining it with strength variation results from data
subsets taken in section 3.5 we see strength variations as high as 1400% as can be
seen in table 4.2 for data taken only from radial positions r such that 35mm < r <
65mm from the full wafer values. These strength improvements for the 35mm < r <
65mm subsections of the wafer were reproducible for all the 6” wafer data.
Table 4.2: Variation in predicted pressure vessel strength across wafer for each RHFS
data set
Full Wafer Data 35mm < r < 65mm Data
RHFS Maximum Pressure Maximum Pressure %
Data Set Vessel Stress [MPa] Vessel Stress [MPa] increase
6”+SF6 60 225 275
6”+SF6+Ox 13 90 592
4”+SF6 3 5 67
4”+SF6 210 170 -19
+0.5hr H2
4”+SF6 300 200 -33
+2.5hr H2
500µm 6” 27 61 126
+6xSF6
500µm 6” 1 15 1400
+6xSF6+Ox
650µm 6”+SF6 196 289 47
+Ox+UHV
4.4 Conclusions
This chapter has described how the probabilistic nature of single crystal silicon is mod-
eled for the pressure vessel design. The applicability and basic nature of the Weibull
statistics used for the design and analysis was described. An analytical model of the
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pressure vessel was presented and integrated into a simplified two-parameter Weibull
model. That model was used to explore Weibull material parameters characteristic
strength, σ0, and Weibull modulus, m, necessary for pressure vessel designs that vary
by achievable silicon strength. Finally, RHFS silicon strength data was used to de-
termine the achievable strength values for the final pressure vessel design. It was
found that significant improvements to usable silicon strength are still required for a
competitive silicon pressure vessel design to be realized.
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Chapter 5
Conclusions and Recommendations
This chapter offers some concluding remarks on the research done and recommenda-
tions for future work.
5.1 Summary of Usable Silicon Strength Work
Tanya Cruz Garza    08-12-10 
 2 
 
First, I would like to know if the thickness and pattern of the vertical striations on the sidewall is consistent for 
different etch depths. 
 
The following images show a rough determination of etch depths using SEM images tilted to a near 90° angles. 
Etch depths are in units of mm. The top of the image is the bottom of the etch. 
 
    
500mm etch with 20 second SF6 smoothing   500mm etch depth with 60 second SF6 smoothing 
 
  
500mm etch depth with 60 sec SF6 & oxide smoothing 300mm etch depth with 60 sec SF6 & 30 min H2 
 
  
450mm etch depth with 60 sec SF6 & 150 min H2  
It appears as if vertical striations near the top of the 
etch do not reach deeper than 250mm. The least-
smoothed image in the upper left corner, also shown 
on the first page, implies striations that are etched 
below the surface. This phenomenon can be more 
clearly seen in the image below. One can see etching 
underneath the surface of the outside wall. 
With more smoothing, 
the hovering wall 
appears to be removed 
and actual features 
beneath can be seen 
more clearly as in the 
image to the left. 
Figure 5-1: RHFS trench
sidewall
The major results of the RHFS testing are the following.
It is believed the SF6 smoothing is a valuable first r-
der smoothing to improve silicon strength. SF6 smooth-
ing must be done long enough to remove large visible
changes in sidewall roughness such as overhanging, un-
dercut silicon protrusions such as those illustrated on
figure 5-1. It is necessary to remove any silicon over-
hang to properly analyze the solid sidewall morphology
produced by DRIE.
Silicon oxidation and removal is a possible tool to im-
prove silicon characteristic strength but is not valuable for reliably improving overall
strength and reliability of silicon structures. It was shown that oxidation can result
in both strength improvement and strength loss. It is believed that this variabil-
ity in the results of oxidation for strength recovery are result of non-uniform silicon
consumption known as oxidation sharpening.[26, 27]
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Surface migration is a valuable second order smoothing technique which can be
used in addition to SF6 smoothing to improve silicon strength, however, more fa-
vorable annealing conditions and long annealing times are needed to make significant
improvement on silicon strength which would be best done with a dedicated annealing
system.
Strength of DRIE silicon structures can vary dramatically across the wafer due
to submicron sidewall morphology variation across the wafer. Strength uniformity
across a wafer is a separate concern from the uniformity of design geometry across
the wafer. Etch variation can be clearly seen by sidewall etch variation across the
wafer. Submicron DRIE sidewall morphology affecting strength variation over the
wafer acts independent of micron scale and larger design geometry variation across
the wafer. This strength variation is reproducible and can mean nearly an order of
magnitude loss in strength between its strongest and weakest sub-element. Wafer-
scale DRIE brittle devices are only as strong as their weakest sub-element given the
nature of brittle material. One can obtain higher strengths for die-level silicon devices
by omitting silicon devices produced in the central and outer regions of a 6” DRIE
silicon wafer.
Finally, as can be seen in figure 3-8, this research did not have sufficient resources
to achieve significant improvement in overall usable silicon strength represented by
shifts to the right and up of a line of constant failure probability. It is believed that
improvements in silicon strength on a wafer-scale macro-structure cannot be done
simply with a strength recovering technique following DRIE. Improvements in usable
silicon strength must involve careful tuning of DRIE recipes and machine parameters
so that submicron sidewall roughness over the wafer does not vary significantly over
the wafer in addition to controlling larger micron scale geometry variations over the
wafer. Care must also be taken to avoid possible strength reducing steps such as
mounting onto a handler wafer during DRIE or to improve resultant strength from
the mounting process.
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5.2 Summary of Pressure Vessel Design Work
A 5cc single crystal pressure vessel design with a honeycomb array of pressurized cells
has been developed. The design utilizes material advances and the unique fabrication
abilities of the MEMS industry. The vessel has the potential of lower specific mass
ratios than conventional designs for pressures above 6000 psi if the unable strength of
single crystal silicon could be substantially improved. Although this work was able to
find methods to improve silicon usable strength, it also found limitations that would
require more study and resources before strength improvements to microfabricated
silicon could produce a pressure vessel design which is advantageous over conventional
designs.
5.3 Contributions
This work is the first known to evaluate wafer-scale single crystal silicon for macro-
scale structural applications. This research has identified a promising application
of macro-scale structural silicon and discovered a number of phenomena that affect
wafer-scale structural silicon application.
This research identified cellular microfabricated silicon pressure vessels as a promis-
ing wafer-scale silicon device. This work is the first to identify design criteria for
brittle pressure vessels and specifically microfabricated silicon pressure vessels. This
research has quantified metrics required to be competitive with conventional pressure
vessel designs. This work has introduced a graphical way of identifying and comparing
improvements and reductions of Weibull strength data for a device design.
Previously unreported mechanisms by which DRIE silicon is compromised were
identified. Overhanging, curtain-like silicon structures that were produced by DRIE
in this work was shown to mask significantly different sidewall morphology underneath
which changes flaw size implications for strength. This research has also elucidated
the role of wafer-level strength variation, its effect on usable silicon strength, and its
independence from variation of geometric features across a wafer.
97
Finally, it was determined that promise for competitive silicon pressure vessel
designs is dependant on further work on across wafer strength uniformity and strength
recovering surface smoothing techniques. The achievement of high useable single
crystal silicon strength is likely to result from the accumulation of small improvements
of strength from a variety of different adjustments to processing rather than a single
strength recovering step.
5.4 Discussion
This work setout to explore usable strength of silicon for macro-world structural ap-
plications and aerospace applications. It was hypothesized that the high theoretical
strength of silicon combined with its low density could overcome geometric inefficien-
cies of microfabrication limitations to offer competitive pressure vessel designs. It
was also hypothesized that promising surface smoothing techniques such as surface
migration could significantly improve usable silicon strength. This section reviews
these hypothesis given the research results. This section also identifies what sets this
work apart from previous work in this area.
5.4.1 Improvements in Usable Silicon Strength
It is necessary to ask if this research was able to significantly improve on the strength
data achieved by previous researchers as was hypothesized. In this case, comparisons
could be directly made to the work of Chen and Noonan because the same RHFS
structural test sample was used. Figure 3-8 compares RHFS test data found in
this research with that of Chen and Noonan. From this plot it would appear that
Chen’s work was able to achieve the highest strength out of all RHFS work done by
a significant amount. His highest strength values were achieved by omitting outlier
data points. If values of strength are taken from full data sets for which outlier data
have not been omitted, which would be most representative of strength data for a
wafer-scale device, we find the the highest values for strength from this work and
Noonan’s work fall on the same line of constant failure probability. This work and
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the work of Noonan is improved from Chen’s work where data has not been omitted.
There are a few reasons why this work did not have significantly higher strength
values than previous work when improvements from surface migration are omitted.
We omit results from surface migration from this comparison because the ability
to perform surface migration at optimal conditions could not be done given this
research’s resources. The first and considered most likely reason proposed for the
lack of strength improvement from previous work is the unavoidable differences in
the DRIE recipes used. Previous work was done with a different machine in the
case of Chen and with a different recipe in the case of Noonan. Even in a case
where wafers are etched with the same machine there are drifts over time in the
machine input to the results produced. Although some time was spent in this work
making the DRIE recipe produce favorable u-shaped trench bottoms, no time was
spent tuning the recipe for improved strength results which could have contributed
to higher strengths. It is also believed that other variations in the processing between
the RHFS in this work and previous work could have played small parts in affecting
the DRIE etch that added up to non-negligible differences in maximum obtainable
strength. These small differences in the steps could, for example, be differences in
photoresist thickness, uniformity, bake times, and exposure dosages that could make
the etch mask produce different sidewall morphology. Other possible differences in
processing that could have affected resultant strength is the density of RHFS on a
wafer which would effect the DRIE as well as the use of oxide mask reinforcement
which was not used by Chen. The results for the DRIE strength variation across the
wafer makes us believe that each processing step could have played a small part in
DRIE and strength differences from this work and that of previous researchers.
5.4.2 Further Comparison to Previous Work
Silicon strength work done by this research differed from that of Chen, Noonan and
other researchers in a number of ways. First off, this research analyzed wafer scale
silicon strength in addition to device level silicon strength as opposed to previous work
which only analyzed device level silicon strength. Although work has been done for
99
wafer-level strength in the past, this is the first work to analyze wafer-level strength
with etched features. This research was the first to analyze silicon oxidation and
surface migration for strength recovery. This research also evaluated longer SF6 etches
than previous work for strength recovery which revealed DRIE sidewall morphology
that could not be identified from shorter SF6 etch times. This work also evaluated
strength loss from wafer mounting versus no wafer mounting.
This work was not the first to evaluate silicon pressure vessel designs as Noonan
looked at important silicon pressure vessel design parameters. This work was first,
however, to identify design criteria for brittle material and silicon pressure vessels as
well. This research also considered much larger wafer-scale pressure vessel designs and
evaluated alternative configurations to the single monocellular convention. Finally,
this work was the first to define numerical metrics so that silicon pressure vessel
designs might be competitive with conventional pressure vessel designs.
5.4.3 Prospects for Further Research
It is believed that this is a promising field in which to continue research. Although
prospects for a silicon pressure vessels may be quite far off, structural applications
of silicon are quite abundant in the current market place. Advances in uniformity
in across-wafer silicon strength can be useful for higher yield of micro-scale devices
and can make way for devices covering bigger areas of a wafer for bigger versions of
micro-scale devices. The results of this research lead us to believe that alterations to
DRIE recipes and more work with surface migration with dedicated equipment can
lead to further improvements to usable silicon strength that can eventually add to
significant improvements to usable silicon strength.
5.4.4 Lessons Learned
There were a number of important lessons learned during this research that are worth
summarizing.
It was learned that DRIE recipe turning must be done for submicron sidewall
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morphology variation in addition to larger geometric features. For this research the
DRIE etch recipe was tuned until u-shaped trench bottoms and circular trench fil-
lets were achieved. It was believed that these geometric features would ensure high
strength and that surface smoothing strength recovery techniques would take care of
surface roughness. We now know however, that DRIE sidewall morphology can vary
significantly across the wafer despite little trench shape variation across the wafer. We
also know that the DRIE sidewall morphology is the most likely indicator of silicon
strength variation across the wafer.
Surface migration in UHV is highly dependent on native oxide removal. It was de-
termined from trial and error that annealing at high temperature in UHV to improve
silicon strength cannot occur without completely removing silicon native oxide imme-
diately before annealing with Hydrofluoric acid. Data was taken for wafers which were
UHV annealed but for which the native oxide was not sufficiently removed. This data
had no strength improvement from the baseline work. This data was not included in
the thesis for this reason although provided a valuable lesson on the importance of
native oxide removal before annealing.
A final important lesson learned was the value of SEM inspection of submicron
features on device areas of high stress. SEM measurements were not taken of RHFS
sample sets until later in the research because it was thought that simply looking at
sidewall cross-sections with an optical microscope would give a reasonable indication
of geometry variation across the wafer when in fact there was discovered to be sub-
stantial submicron sidewall variation occurring which shed light on strength variation
across the wafer. SEM inspections also elucidated overhanging silicon walls which
masked underlying silicon sidewall morphology. All available methods of sample in-
spection are of value in strength recovery work involving surface smoothing.
5.5 Future Work
This section describes recommendations for future work to continue this research. It
is believed that the following suggestions are promising steps towards developing high
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strength macro-scale silicon structures, particularly a high pressure vessel design for
aerospace applications that is competitive with conventional pressure vessel designs
on a small scale.
5.5.1 Tuning Etch Conditions
The strength recovery done in this research could be improved by:
1. adjusting the DRIE etch recipe to improve strength variation over the silicon
wafer
2. doing longer surface migration annealing on 6 inch wafers etched without mount-
ing on a handler wafer
Some time was spent on task 1. above working on adjusting the DRIE recipe so
that the bottom corner of the DRIE etch gave a round fillet when its cross-section
was viewed with an optical microscope. Time was not spent however, looking at the
effect of the DRIE etch on the sidewalls with a SEM over a whole radial slice of the
wafer. I believe looking at sidewall roughness patterns over all radial points over the
wafer while adjusting the DRIE recipe will improve both overall strength and strength
variation. Item 2. could not be achieved in this research because obtaining a resource
for surface annealing was difficult in itself. Being able to surface migration for long
periods of time without having to compromise the wafer with mounting during DRIE
is promising for strength recovery.
5.5.2 Experimental Evaluation of Pressure Vessel Features
If sufficient usable silicon strength could be obtained, a microfabricated silicon pres-
sure vessel design may become viable. For such a case, a coupon to test key pressure
vessel features was considered and a model for such a specimen was explored. A de-
scription of pressure vessel coupon design, fabrication, and computational modelling
is described in appendix E
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Appendix A
Detailed Si Pressure Vessel
Calculations
A.1 Investigation of Designs from First Principles
A.1.1 Honeycomb Vessel
The following calculations determine material and gas volume based on an assumed
number of cellular layers n and a cylindrical radius r.
The total number of cells, C can be found as a function of the number of cellular
layers n:
C = 1(for n=1), 7(for n=2), 19(for n=3), 37(for n=4), 61(for n=5),
= 1 +
n∑
i=1
6 (n− 1)
= 1− 6n+ 6
n∑
i=1
n
= 1− 6n+ 6(n+ 1)(n)
2
= 3n2 − 3n+ 1
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The total number of outer edges of the vessel will be:
E = 6(for n=1), 18(for n=2), 30(for n=3), 42(for n=4)
= 12(n− 1) + 6
= 12n− 6
Assuming each individual cell is a cylinder with spherically capped ends implies
the maximum material stress will be given by equation 2.1:
t = FOS
qr
σf
where r is the cell cross-sectional radius, σf is the fracture strength of the silicon,
FOS is the vessel factor-of-safety, and q is the maximum operating pressure of the
vessel.
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Honeycomb Geometry Calculations 
 
The analysis begins with a design consisting of thin walled cylinders with spherically capped ends. The 
cylinders are arranged in a honeycomb pattern with the space in between filled with material. The illustration 
below shows a cross-section perpendicular to the vessel longitudinal direction.  The minimum wall thickness of 
each cylinder is determined by the material stress relations for a thin-walled cylinder.  The cells are arranged so 
that symmetry is preserved. The construction of the honeycomb begins with a single cell that is then surrounded 
by layers of cells. The illustration below shows two layers of cells. 
 The following calculations determine material and gas volume based an assumed number of cellular 
layers n and a cylindrical radius r. 
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• Number of outer edges: 
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• Assuming each individual cell to be a cylinder with spherical capped ends implies the max material 
strength will cause each cell wall thickness t  to be: 
 
f
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where q  is the design pressure of the vessel, FOS  is a factor of safety, and fσ  is the material fracture 
strength. 
• This hexagonal cell side length is: 
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• From a wafer plane cut, cell open area is: 
2rCAopen π= ,  
materialA  = openAs
tEsC −+



22
33 2 . 
• Longitudinal stress in the individual cells is half that of the hoop stress thus allowing: 
tt bottomtop =−   to be sufficient to withstand internal pressure. 
• In order for these cells to be considered thin-walled structures, the following must be true 
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Figure A-1: Single honeycomb cell
For a hexagonal cell the side length s
will be:
s =
2r + t√
3
Taking a cross-section parallel to the
wafer plane, reveals a cell open area and
material area of:
Aopen = Cpir
2
Amaterial = C
(
3
√
3
2
s2
)
+ E
t
2
s− Aopen
respectively.
he longitudinal stress in the individual cells is half that of the hoop stress which
implies that:
ttop−bottom = t
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will be twice as effective as needed to withstand internal pressure.
In order for these cell to be considered “thin-walled” structures, the following
restriction must be met:
h ≤ 5t
This implies that the open area volume will be:
V = Aopenh+ C
4
3
pir3
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• Open area volume equals:  
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The plots on the following two pages show the variation in specific tank mass for various internal volumes with 
a constant internal pressure and various internal pressures with a constant internal volume. 
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Figure A-2: Illustration of honeycomb vessel cross-section through wafer plane
The structural volume SV thus will equal:
SV = (Amaterial + Aopen) (h+ 2r + 2ttop−bottom)− V
=
C√3
2
(
4r2 + 4rt+ t2
)
+ E
2rt+ t2
2
√
(3)
 (h+ 2r + 2t)− V
=
((
C
√
3
2
+
E
2
√
3
)
t2 +
(
2C
√
3 +
E√
3
)
rt+ 2C
√
3r2
)
(h+ 2r + 2t)− V
=
(
C
√
3 +
E√
3
)
t3 +
[
(h+ 2r)
(
C
√
3
2
+
E
2
√
3
)
+
(
4C
√
3 +
2E√
3
)
r
]
t2
+
[
(h+ 2r)
(
2C
√
3 +
E√
3
)
r + 4C
√
3r2
]
t+ 2 (h+ 2r)C
√
3r2 − V
=
(
C
√
3 +
E√
3
)(
FOS · r
σf
)3
q3
+
[
(h+ 2r)
(
C
√
3
2
+
E
2
√
3
)
+
(
4C
√
3 +
E√
3
)
r
](
FOS · r
σf
)2
q2
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+[
(h+ 2r)
(
2C
√
3 +
E√
3
)
r + 4C
√
3r2
](
FOS · r
σf
)
q
+2 (h+ 2r)C
√
3r2 − V
Thus, the specific volume will be;
SV
V
=
(
C
√
3 + E√
3
)
(FOS · r)3
V σ3f
q3
+
[
(h+ 2r)
(
C
√
3
2
+ E
2
√
3
)
+
(
4C
√
3 + 2E√
3
)
r
]
(FOS · r)2
V σ2f
q2
+
[
(h+ 2r)
(
2C
√
3 + E√
3
)
r + 4C
√
3r2
]
(FOS · r)
V σf
q
+
[
2 (h+ 2r)C
√
3r2
V
− 1
]
Specific volume can be converted to specific mass using the conversion 2.2.
The following plots show the variation in specific tank mass for various inter-
nal volumes with a constant internal pressure and various internal pressure with a
constant internal volume.
From these plots we see that the specific structural mass increases with increasing
internal volume. The structural mass of the tank decreases as pressure is increased.
The structural mass of the vessel decreases with cell height. the specific structural
mass of the tank decreases with increasing cell number.
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Figure A-3: Specific Tank Mass versus Cell # and Height for Honeycomb Design
(varied volume and constant pressure)
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The specific structural mass increases with increasing internal volume. The structural mass of the tank decreases 
as pressure is increased.  The structural mass of the vessel decreases with cell height. The specific structural 
mass of the tank decreases with increasing cell number. 
 
Figure A-4: Specific Tank Mass versus Cell # and Height for Honeycomb Design
(varied pressure and constant volume)
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A.1.2 Concentric Tori Vessel
This tank structure consists of a center spherical tank or radius r surrounded by n
toroidal tanks such that:
r = b1 = b2 = b3
Tanya Cruz Garza 1
Figure A-5: Illustration of planer and through
plane cross-sections of concentric tori vessel
The first wall thickness t1 should
be such that:
t1 = max[tsphere, ttorus1]
tsphere = FOS
qr
σf
ttorus1 = FOS
qb1
2σf
2a1 − b1
a1 − b1
= FOS
qr
2σf
2 (2r + t1)− r
(2r + t1)− r
= FOS
qr
2σf
2 (r + t1) + r
r + t1
= FOS
qr
σf
r
r + t1
Since r
r+t1
< 1, this implies:
t1 = tsphere
For the general equation:
ttorus = FOS
qb
2σf
2a− b
a− b
ttorus decreases as a increases which
implies that:
ti = ttorus(i−1) = FOS
qb(i−1)
2σf
2a(i−1) − b(i−1)
a(i−1) − b(i−1)
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for i > 1. Now that bi and t1 is known, we can solve for
a1 = r + t1 + b1 = 2r + t1
and continue with
bi = r
ti = FOS
qb(i−1)
2σf
2a(i−1) − b(i−1)
a(i−1) − b(i−1) = FOS
qr
2σf
2a(i−1) − r
a(i−1) − r
ai = r +
i∑
k−1
tk +
i−1∑
k=1
2bk + bi = 2ir +
i∑
k=1
tk
Thus, to maintain a sufficiently strong upper and lower wall, the following must be
true:
ttop−bottom = max
[
tsphere, ttorus(i)
]
= tsphere = FOS
qr
σf
The internal volume of the tank thus will be:
V =
4
3
pir3 + 2pi2r2
n∑
k=1
ak
The structural volume will be:
SV = pi (an + r + tn+1)
2 (2r + 2ttop−bottom)− V
= 2pir
(
r (2n+ 1) +
n+1∑
k=1
tk
)2 (
1 +
FOS
σf
q
)
− V
= 2pir3
([
FOS
σf
β
]
q + (2n+ 1)
)2 (
1 +
FOS
σf
q
)
− V
where β =
n+1∑
k=1
(
a(k−1) − r2
a(k−1) − r
)
. Thus we continue the derivation to get:
SV =
2pir3 (FOS
σf
)2
β2q2 + 4pi (2n+ 1) r3
(
FOS
σf
)
βq + 2pi (2n+ 1)2 r3

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·
(
FOS
σf
q + 1
)
− V
= 2pir3
(
FOS
σf
)3
β2q3 + 4pi (2n+ 1) r3
(
FOS
σf
)2
βq2 + 2pi (2n+ 1)2 r3
(
FOS
σf
)
q
+2pir3
(
FOS
σf
)2
β2q2 + 4pi (2n+ 1) r3
(
FOS
σf
)
βq + 2pi (2n+ 1)2 r3 − V
= 2pir3
(
FOS
σf
)3
β2q3 + 2pir3
(
FOS
σf
)2 [
β2 + 2 (2n+ 1) β
]
q2
+2pi (2n+ 1) r3
(
FOS
σf
)
[2n+ 1 + 2β] q + 2pi (2n+ 1)2 r3 − V
Thus, the specific volume for the concentric tori vessel will be:
SV
V
=
2pir3
V
(
FOS
σf
)3
β3q3 +
2pir3
V
(
FOS
σf
)2 [
β2 + 2 (2n+ 1) β
]
q2
+
2pi (2n+ 1) r3
V
(
FOS
σf
)
[2n+ 1 + 2β] q +
[
2pi (2n+ 1)2 r3
V
− 1
]
Specific volume can be converted to specific mass using the conversion 2.2.
The following plots show the variation in specific tank mass for various internal
volumes with a constant internal pressure of 200 bar and various internal pressures
with a constant internal volume of 10−10 m3.
The specific structural mass increases with increasing internal volume. The struc-
tural mass of the tank decreases as pressure is increased. The structural mass of the
vessel decreases with cell height. The specific structural mass of the tank decreases
with increasing cell number.
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Figure A-6: Specific Tank Mass versus Cell # and Height for Concentric Tori Design
(varied volume and constant pressure)
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We note that the specific structural mass does not seem to vary with internal volume. The structural mass of the 
tank decreases as pressure is increased.  The structural mass of the vessel decreases with increasing cell number 
but this decrease is small for cell numbers greater than ~50. 
 
Figure A-7: Specific Tank Mass versus Cell # and Height for Concentric Tori Design
(varied pressure and constant volume)
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A.1.3 Wedge Vessel
This tank structure consists of a nearly cylindrical vessel with triangular wedge sec-
tions. Each wedge shaped cell is formed by 3 semi-cylindrical edges (one of which is
curved along the tank edge) joined at three corners with 3 spherical arcs closed by
2 flat triangular plates on the top and bottom of the cell. The stresses and defor-
mations in the cells can be determined by considering the entire complicated shell as
a combination of simple elements (cylinder, sphere, and triangular flat plate) using
membrane solution methods. This analysis is almost identical to the more accurate
but complicated bending theory methods with the exception of a narrow strip on the
shell surfaces adjacent to the boundary.[3]
To determine cell and structural volumes, we first define key parameters of the
Tanya Cruz Garza 
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D = 2r 
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Figure A-8: Single wedge vessel cell
figure which will deter-
mine all other geomet-
ric values. Each cell
fits inside and has edges
flush to a wedge of a
short cylinder with a
vertex angle of 2α and
a vertex edge length R.
The angle α is deter-
mined by the number
of cells desired C such
that:
α =
pi
C
The dimensions of
an individual cell like
that illustrated to the
114
right can be found with basic geometry and are as follows:
R = R′ + r (1 + cotα)
R∗ = R + t+
t
2 sinα
= R +
t
2
(2 + cscα)
Vcell ≈ 1
2
(
pir2
)
(perimeter) = (Ainner−periemeter)D
=
1
2
(
pir2
)
[(2 + 2α)R′] +
(
α
pi
piR′2
)
(2r)
= pi (1 + α) r2R′ + 2αrR′2 = (pi (1 + α) r + 2αR′) rR′
SVcell = 2 (r + t)αR
∗2 − Vcell = 2αr
(
R∗2 −R′2
)
+ pi (1 + α) r2R′
V = CVcell =
pi
α
Vcell =
[
(1 + α)pi2
α
R′
]
r2 +
[
2piR′2
]
r = ar2 + br
SV = C · SVcell = pi
α
SVcell
The wall thickness should be determined by the highest stress component such
that:
t = max [ttriangular−plate, tspherical−section, tcylindrical−section]
The thickness associated with the spherical and cylindrical sections are as follows:
tspherical−section = FOS
qr
2σf
tcylindrical−section = FOS
qr
σf
Tanya Cruz Garza 
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Figure A-9: Plate model
If we treat the plate section as a plate clamped
on the two vertex sides with infinite radius, the maxi-
mum stress will be along the edges of the plate at the
largest radius giving a necessary plate thickness of:
ttriangular−plate = R′ · FOS
√√√√ 3q
2σf
sin2 θ
1 + 2 cos2 θ
Given these equations, we see that the cell wall
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thickness will be determined by either tcylindrical−section
or ttriangular−plate. The ratio of these two quantities yields:
tcylindrical−section
ttriangular−plate
=
r
R′
√
q
σf
1√
β
where β = 3
2
sin2 θ
1+2 cos2 θ
.
Given the limitation that this vessel should be short and wide, we know r
R′ < 1.
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Given these equations we see that the cell wall thickness will be  
determined by either tionlcylidnricat sec_  or platetriangul rt _ . We find the ratio of these two quantities yields: 
 
• βσ
1
'_
sec_
fplatetriangular
tionlcylidnrica q
R
r
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θβ 2
2
cos21
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2
3
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Given the desire for this vessel to be short and wide w know that 1
'
<
R
r
. We predict that the fracture strength of 
silicon will be something on the order of GPaf 1≈σ  and the internal pressure of the vessel to be not much 
larger than industry pressures which have 
maximums of MPapsigqdesign 70000,10 ≈≈ . Thus, 
we expect 1
4
1 <<
f
q
σ . We can see the relation 
between the last factor, β
1
 and cell vertex angle 
θ  in the plot to the right. 
 
 
Thus, for these conditions and small values of 
'R
r
 


<
10
1
 we expect the plate thickness to be the 
limiting thickness for the vessel. In fact, for the 
values of 
'R
r
 predicted for a vessel omitting 
considerations (see plots below) for the stress in the plate sections of the vessel we see that they still predict 
10
'
<
R
r
 implying plate thicknesses thicker than those necessary for the cylindrical sections. 
 
The following plots vary pressure, volume and geometry to see their effects on mass ratio. 
C L 
θ 
R′
Figure A-10: 1/
√
β factor for various values of θ
We predict that the
fracture strength of sil-
icon will be something
on the order of σf ≈
1 GPa and the internal
pressure of the vessel
will be not much larger
than industry pressures
which have a maxi-
mum of about qdesign ≈
10, 000psig ≈ 70 MPa.
Thus, we expect 1
4
<√
q
σf
< 1. We can see
the rlation between the
last factor, 1/
√
β, and
cell vertex angle, θ, in
the plot to the right.
For these conditions and small values of r
R′
(
< 1
10
)
, we expect the plate thickness
to be the limiting thickness for the vessel. In fact, for the values of r
R′ predicted for
a vessel omitting considerations for stress in the plate sections of the vessel, as are
shown in the following plots, we see that r
R′ < 10 is still predicted implying a plate
thicknesses thicker than those necessary for the cylindrical sections.
The following plots model a wedge cell using a wall thickness determined by
116
tcylindrical−section varying pressure, volume and geometry to see their effect on mass
ratio.
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These plots imply that vessel mass ratio decreases with decreasing volume, increasing pressure, and  reduces 
cell numbers. Figure A-11: Specific Tank Mass versus Cell # and Height for Wedge Design w/o
Plate Section Model (varied volume and constant pressure)
These plots imply that vessel mass ratio decreases with decreasing volume, in-
creasing pressure, and reduced cell numbers.
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These plots imply that vessel mass ratio decreases with decreasing volume, increasing pressure, and  reduces 
cell numbers. 
Figure A-12: Specific Tank Mass versus Cell # and Height for Wedge Design w/o
Plate Section Model (varied pressure and constant volume)
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A.1.4 Pancake Vessel
This tank structure consists of the outer circular part of a toroidal vessel with two
flat circular plates capping the top and bottom. Again, the stresses and deformations
in the vessel can be determined by considering the shell as a combination of simple
elements using membrane solution methods. This analysis is almost identical to
the more accurate but complicated bending theory methods with the exception of a
narrow strip on the shell surfaces adjacent to the boundary.[3]
Tanya Cruz Garza 13
Simplified Short Flat Vessel 
 
This tank structure consists of the outer circular part of a toroidal vessel with two flat circular plates capping the 
top and bottom. Again, the stresses and deformations in the vessel can be determined by considering the shell as 
a combination of simple elements using membrane solution methods. This analysis is almost identical to the 
more accurate but complicated bending theory methods with the exception of a narrow strip on the shell 
surfaces adjacent to the boundary.2 Methods to determine stresses and deformations adjacent to shell boundaries 
may be implemented later as they may be very significant. 
 
The wall thickness of the shell will be determined by the wall 
thickness required to withstand the maximum stress in the vessel.  
The maximum stress in the vessel will be equal to: ( )tionplatetiontoroidaldesign Max secsec , σσσ =  
We know for a torous the max stress will be equal to: 
t
qb
tiontoroidal =secσ  
 
and will be located at point A on the toroidal section. The solution for max stress in a circular plate can be 
found from solving the generalized displacement equation for a circular plate for specified boundary conditions: 
( ) 43
2
2
2
1
4
ln
4
1ln
464
crcrcrrcrw
q
D +++−+=  
where D  is the bending rigidity of the plate such that ( )2
3
112 ν−=
EtD , q  is a pressure uniformly distributed over 
the plate, w  is the plate deflection, r  is the radius measured from a coordinate system in the center of the plate, 
and 4,3,2,1c  are constants of integration. 
The equations for principle moments for a circular plate are: 


 +−=
dr
dw
rdr
wdDM r
ν
2
2
 


 +−= 2
21
dr
wd
dr
dw
r
DM νθ  
• For a clamped plate the boundary conditions will be: 
ar 0,0 === for
dr
dww  
We see in this case 031 == cc  to avoid infinite plate deflection at the plate center. To satisfy the given 
boundary conditions we find 8/22 ac −=  and 64/44 ac = . Thus, the deflection must be: 
( )222
64
ar
D
qw +=  
For the clamped plate deflection equation this gives the following moments: 
( ) ( )[ ]22 31
16
raqM r νν +−+=  
( ) ( )[ ]22 311
16
raqM ννθ +−+=  
                                                 
2 Baker, E. H., Kovalevsky , L., and Rish, F. L., Structural Analysis of Shells, 2nd ed., Robert E. Krieger Pub. Co., Huntington, New York, 1980, 
Chaps. 2. 
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Figure A-13: Cross-section view of
pancake vessel taken through the
wafer plane
The wall thickness of the shell will be deter-
mined by t wall thickness required o ithstand
the maximum stress in the vessel. The maximum
stress in the vessel will be equal to:
σdesign = max (σtoroial−section, σplate−section)
The maximum stress for a torus is:
σtoroial−section =
qb
t
and will be located at a point A on the toroidal section.
The solution for maximum stress in a ci cular plate can be found from solving the
generalized displacement equation for a circular plate for specified boundary condi-
tions:
D
q
w =
r4
64
+
c1r
2
4
(ln r − 1) + c2r
2
4
+ c3 ln r + c4
where D is the bending rigidity of the plate such that D = Et
3
12(1−ν2) , q is a pressure
uniformly distributed over the plate, w is the plate deflection, r is the radius measured
from a coordinate system in the center of the plate, and c1,2,3,4 are constants of
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integration. The equations for principle moments for a circular plate are:
Mr = −D
[
d2w
dr
+
ν
r
dw
dr
]
Mθ = −D
[
1
r
dw
dr
+ ν
d2w
dr2
]
For a clamped plate the boundary conditions will be w = 0 and dw
dr
= 0 at r = a.
For this case c1 = c3 = 0 to avoid infinite plate deflection at the plate center. To
satisfy the given boundary conditions we find c2 = −a2/8 and c4 = a4/64. thus, the
deflection must be:
w =
q
64D
(
r2 + a2
)2
For the clamped plate, the deflection equation gives the following moments:
Mr =
q
16
[
(1 + ν) a2 − (3 + ν) r2
]
Mθ =
q
16
[
(1 + ν) a2 − (1 + 3ν) r2
]
This gives a maximum stress of:
σmax =
(
zM
t3/12
)
max
= −3
4
qa2
t2
at the edge of the plate
For a simply supported plate the boundary conditions will be w = 0 and Mr = 0
fat r = a. We see in this case c1 = c3 = 0 to avoid infinite plate deflection at the
plate center. Thus the deflection will be:
D
q
w =
r4
64
+
c2r
2
4
+ c4
To satisfy the given boundary conditions we find:
Mr (r = a) = −D
[
d2w
dr2
∣∣∣∣∣
r=a
+
ν
a
dw
dr
∣∣∣∣∣
r=a
]
= 0
120
which ⇒ d
2w
dr
∣∣∣∣∣
r=a
= −ν
a
dw
dr
∣∣∣∣∣
r=a
which ⇒ c2 = −a
2
8
(3 + ν)
(1 + ν)
Thus,
a4
64
− a
2
8
(3 + ν)
(1 + ν)
a2
4
+ c4 = 0
which ⇒ c4 = a
4
64
(5 + ν)
(1 + ν)
Thus, the deflection must be:
w =
q
64D
[
r4 − 2a2r2 (3 + ν)
(1 + ν)
+ a4
(5 + ν)
(1 + ν)
]
For the simply supported plate deflection equation this gives moments:
Mr = −D
[
d2w
dr2
+
ν
r
dw
dr
]
= − q
16
[(
3r2 − a23 + ν
1 + ν
)
+
ν
r
(
r3 − a2r3 + ν
1 + ν
)]
=
q (3 + ν)
16
[
a2 − r2
]
Mθ = −D
[
1
r
dw
dr
+ ν
d2w
dr2
]
= − q
16
[
1
r
(
r3 − a2r3 + ν
1 + ν
)
+ ν
(
3r2 − a23 + ν
1 + ν
)]
=
q
16
[
a2 (3 + ν)− r2 (1 + 3ν)
]
This gives a maximum stress of:
σmax =
(
zM
t3/12
)
= −3
8
qa2 (3 + ν)
t2
at the center of the plate.
It is believed that the actual behavior of the plate section of the pancake vessel will
be between these two boundary conditions. For modelling purposes, we take the worse
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case scenario (highest maximum stress scenario) where the plate is simply supported
at the edges and has a maximum stress in the center of the plate of:
σplate−section =
3
8
qa2 (3 + ν)
t2
Thus,the thickness of the vessel will be determined as the maximum stress in the
vessel which is determined by:
t = max
FOS qb
σf
,
[
3
8
a2FOS
q (3 + ν)
σf
]1/2
= max
FOS qb
σf
,
[
3
8
b2FOS
q (3 + ν)
σf
]1/2
a
b

The internal volume will be;
V =
(
pib2
2
)
(2pia) + 2b
(
pia2
)
= pib3
a
b
[
pi + 2
a
b
]
The structural volume will be:
SV = (pib) t (2pia) + 2
(
pia2
)
t = 2pi
a
b
b2t
[
pi +
a
b
]
Given a starting volume, we can determine the vessel dimensions by first deciding
what the ratio a
b
should be. We not that SV
V
∝ pi+ab
pi+2a
b
which decreases with increasing
a
b
. Se we optimize by finding a
b
such that the toroidal section and the plate section
have equal thickness:
FOS
qb
σf
=
[
3
8
b2FOS
q (3 + ν)
σy
]1/2
a
b
⇒ a
b
= 2
[
FOS
2q
3σf (3 + ν)
]1/2
For silicon with ν = 0.17, FOS = 1.5, q ≈ 7ksi, and σf = 600MPa this equation
implies
(
a
b
)
= 0.32. So the optimal, such that a
b
must be an integer, is a sphere, a
b
= 0.
Because we know this already, we vary a
b
greater than 1 for comparison purposes.
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When a
b
is chosen, we can find dimensions of the vessel given a volume by:
b =
 V
a
b
pi
[
pi + 2a
b
]
1/3
a = b
a
b
t = max
FOS qb
2σf
2a
b
− 1
a
b
− 1 ,
[
3
8
b2FOS
q (3 + ν)
σf
]1/2
a
b

The Effect of Plate Section Tension on Maximum Stress
As the internal pressure of the vessel is increased, tension will appear in the circular
plate section equal to the stress at the plate/toroid section boundary. This stress we
know is equal to;
σr = σA =
qb
t
This is equivalent to a normal force per unit length applied tension of:
N = tσr = qb
The approximate solution for a plate with applied tension N and uniform applied
lateral load q is given by Timoshenko and Woinowsky-Krieger as the following:[40]
w =
wq
1 + α
where wq is the displacement solutioni for a uniform load q alone and
α =
Na2
4.20D
, for a simply supported plate
and
α =
Na2
14.68D
, for a clamped plate
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The maximum moments due to curvatures on the simply supported plate occurring
at the plate center will be:
(Mr)max =
1
1 + 1.0480α
(Mr (r = 0))q =
D
D + 0.2495qba2
q (3 + ν) a2
16
(Mθ)max =
1
1 + 1.0480α
(Mθ (r = 0))q =
D
D + 0.2495qba2
q (3 + ν) a2
16
Where (Mr)q and (Mθ)q are the moments due only to the uniform load q. This gives
the following maximum stress:
σmax =
(
zM
t3/12
)
max
=
3q (3 + ν) a2
8t2
D
D + 0.2495qba2
=
3q (3 + ν) a2
8
Et
Et3 + 2.9940 (1− ν2) qba2
Given material fracture stress and factor of safety we can solve the following polyno-
mial for material thickness:
t3plate −
3q (3 + ν) a2
8σf
FOS · tplate + 2.9940(1− ν
2) qba2
E
= 0
The maximum moments due to curvatures on the clamped plate occurring at the
plate edge will be:
(Mr)max =
1
1 + 0.527α
(Mr (r = a))q =
D
D + 0.03590qba2
qa2
8
This gives the following maximum stress:
σmax =
(
zM
t3/12
)
max
=
3qa2
4t2
D
D + 0.03590qba2
=
3qa2
4
Et
Et3 + 0.03590 · 12 (1− ν2) qba2
Given material fractures stress and factor-of-safety, we can solve the following poly-
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nomial for material thickness:
t3plate −
3qa2
4σf
FOS · tplate + 0.4308 (1− ν
2) qba2
E
= 0
For the simply supported case with the maximum stress at the center of the plate
section, the thickness of the vessel will be determined as the maximum stress in the
vessel which is determined by:
t = max
(
FOS
qb
σf
, tplate
)
The following plots show the variation in specific tank mass for various inter-
nal volumes with a constant internal pressure and various internal pressures with a
constant internal volume.
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The following plots show the variation in specific tank mass for various internal volumes with a constant 
internal pressure a d ariou  in ernal pressures with a const t internal volume. 
 
 
 
 
 
We note that the specific structural mass does not seem to vary with variation in internal volume. The structural 
mass of the tank decreases with decreasing aspect ratio and increasing internal pressure. 
Figure A-14: Specific Tank Mass versus Cell # and Height for Pancake Design (varied
volume and constant pressure)
125
Tanya Cruz Garza 17
The following plots show the variation in specific tank mass for various internal volumes with a constant 
internal pressure and various internal pressures with a constant internal volume. 
 
 
 
 
 
We note that the specific structural mass does not seem to vary with variation in internal volume. The structural 
mass of the tank decreases with decreasing aspect ratio and increasing internal pressure. 
Figure A-15: Specific Tank Mass versus Cell # and Height for Pancake Design (varied
pressure and constant volume)
We note that the specific structural mass does not seem to vary with variation in
internal volume. The structural mass of the tank decreases with decreasing aspect
ratio and increasing internal pressure.
A.1.5 Conventional Vessel Geometries
Cylinder
An ordinary cylinder with spherical caps like the cells of the honeycomb design will
have internal volume,
V =
4
3
piR3x + piHcR
2
c
126
and wall thickness,
Tc = FOS
qRc
σf
We arbitrarily consider Rc = Hc which implies V =
7
3
piR3c which can be solved
from Rc which gives Hc and can thus find the structural volume as:
SV =
[
4
3
pi (Rc + Tc)
3 + pi (Rc + Tc)
2Hc
]
− V
=
4
3
pi
(
Rc +
FOS ·Rc
σf
q
)3
+ pi
(
Rc +
FOS ·Rc
σf
q
)2
Hc
− V
=
4
3
pi
(
FOS
σf
)3
R3cq
3 + pi
(
FOS
σf
)2
R2c [4Rc +Hc] q
2
+
[
4pi
(
FOS
σa
)
R3c + 2pi
(
FOS
σf
)
R2cHc
]
q
Thus, the specific volume will be:
SV
V
=
4piR3c
3V
(
FOS
σf
)3
q3 +
piR2c [4Rc +Hc]
V
(
FOS
σf
)2
q2 +
[2Rc +Hc] 2piR
2
c
V
(
FOS
σf
)
q
=
4piR3c
3V
(
FOS
σf
)3
q3 +
[
8
3
piR3c + V
]
V
(
FOS
σf
)2
q2 +
[
4
3
piR3c + 2V
]
V
(
FOS
σf
)
q
Sphere
An ordinary sphere with the same volume as the honeycomb design will have a radius,
Rsphere =
[
V
4/3pi
]1/3
and wall thickness,
Tsphere = FOS
qRsphere
2σf
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Thus will have a structural volume,
SV =
4
3
pi (Rsphere + Tsphere)
3 − V
=
4
3
piT 3sphere + 4piRsphereT
2
sphere + 4piR
2
sphereTsphere
=
4
3
piR3sphere
(
FOS
2σf
)3
q3 + 4piR3sphere
(
FOS
2σf
)2
q2 + 4piR3sphere
(
FOS
2σf
)
q
Thus, the specific volume will be:
SV
V
=
4
3
piR3sphere
V
(
FOS
2σf
)3
q3 +
4piR3sphere
V
(
FOS
2σf
)2
q2 +
4piR3sphere
V
(
FOS
2σf
)
q
=
(
FOS
2σf
)3
q3 + 3
(
FOS
2σf
)2
q2 + 3
(
FOS
2σf
)
q
Torus/Tube
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• An ordinary torous/tube with major radius to minor radius ratio 
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 with the same volume as the 
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Figure A-16: Cross-section view of
torus vessel
A torus/t be with major radius to minor radius
ratio a
b
with the same volume as the honeycomb
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Appendix B
Fabrication Details and Etch
Recipes for Radiused Hubbed
Flexure Specimen
This appendix details the fabrication steps for the RHFS and the etch recipes.
B.1 RHFS Fabrication Process Steps
The purpose of this process is to fabricate a test structure for mechanical bi-axial
flexure testing.
Start with DSP 650 um 6” wafer
1. RCA clean [rca-ICL]
2. 0.5 µm wet thermal oxidation growth for 1.5 hours at 1000◦C [ICL tube 5C]
3. Photo Resist Cycle
(a) HMDS [HMDS]
(b) Spin thin resist on back [coater]
(c) Pre-bake 30 min [prebakeovn]
(d) Expose back [EV]
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(e) Develop mask 2 [photo-wet]
(f) Post-bake [postbake]
4. RIE etch oxide from back [ICL-AME5000]
5. Ash [asher-TRL]
6. DRIE 1 µm back [sts2]
7. Photo Resist Cycle
(a) HMDS [HMDS]
(b) Spin thin resist on front [coater]
(c) Pre-bake 30 min [prebakeovn]
(d) Align and Expose front [EV]
(e) Develop mask 2 [photo-wet]
(f) Post-bake [postbake]
8. RIE etch oxide from front [ICL-AME5000]
9. Ash [asher-TRL]
10. Photo Resist Cycle
(a) HMDS [HMDS]
(b) Spin thick resist on front [coater]
(c) Pre-bake 10 min [prebakeovn]
(d) Spin thick resist on front [coater]
(e) Pre-bake 10 min [prebakeovn]
(f) Spin 2nd layer of thick resist on front [coater]
(g) Pre-bake 50 min [prebakeovn]
(h) Align and Expose front [EV]
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(i) Develop mask 1 [photo-wet]
(j) Post-bake [postbake]
11. RIE etch oxide from front [ICL-AME5000]
12. DRIE 500µm from front [sts2]
13. BOE oxide [oxEtch-BOE]
14. 500 A˚ wet thermal oxidation growth at 900◦C to smooth [TRLtube A2]
15. BOE thermal oxide [oxEtch-BOE]
16. Measure etch depth [wykoICL]
17. Diesaw [diesaw-ICL]
 
Figure B-1: Illustration of die cross-section and mask through process
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B.2 Etch Recipes
This section gives the etch recipes used for DRIE and SF6 smoothing below.
Table B.1: DRIE Recipe for RHFS
Etch Step Passivation Step
Time [sec] 15 11
Planten Generator Power [Watts] 120 60
Coil Generator Power [Watts] 750 600
SF6 Flow [sccm] 105 0
C4F8 Flow [sccm] 0 40
APC Angle [% of 90◦] 72.22
Overrun 0.5 0
Table B.2: SF6 Smoothing Etch Recipe for RHFS
Etch Step
Time [sec] 15
Planten Generator Power [Watts] 120
Coil Generator Power [Watts] 950
SF6 Flow [sccm] 30
C4F8 Flow [sccm] 0
APC Angle [% of 90◦] 75
Overrun 0
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Appendix C
Error Analysis
C.1 RHFS Error Analysis
This section describes potential sources of error in the RHFS experiments along with
estimates of error. Error sources are divided into two groups. The first group is error
due to geometry variation from the fabrication. The second group in error due to the
experimental setup.
C.1.1 Geometry Error
Effects of Etch Depth Variation
Due to etch variation across the silicon wafer and limitation of DRIE etch depth
precision, we expect for the etch depth to vary for each RHFS. ABAQUSTMwas used
to look at the effects of varied fillet radius variation on maximum stress in the RHFS.
A table was made with with the maximum stress output from ABAQUSTMfor varied
etch depth between 470µm and 570µm in increments of 10µm. Figure C-1 shows the
error from assuming a 500µm etch depth (on a 650µm thick wafer) when the actual
etch depth is something between 470µm and 530µm. This figure shows significant
error, > 10%, due to etch depth variations greater than ±10µm
Etch depth was measured to significantly reduce error from unknown etch depth
variation in experimental data reduction. Etch depth was measured at the greatest
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Figure C-1: Percent error in σmax estimate for various etch depth variation ± 30 µm.
(Maximum load considered is maximum loader load ability)
depth in the trench area furthest from the shallow-etched number label on each die.
The etch depth variation was measured for every single sample on the first wafer set.
The results of this measurement are illustrated in figure C-2. This figure shows that
the DRIE etch depth gives a radially symmetric distribution of etch depths which
is expected from the periodic 90◦ rotation of the wafer during etching. Based on
this result, only a quarter of the etch depths are measured for the remaining wafers
etched with RHFSs. The quarter of the etch depths that are measured are then used
during data reduction assuming symmetry over the wafer. We expect error no greater
than ±10µm after quarter-wafer etch depth measurements have been taken. From
section C.1.2 and minor effects of 10% error in failure stress in the next subsection,
we expect this to amount to no more than a 2% total error in the final data reduction
of the Weibull parameters.
Effects of Fillet Radius Variation
Due to etch variation across the silicon wafer we expect for the fillet radius at the hub
root to vary as well. Figures C-3 and C-4 show a radial sampling of fillet variation
across the wafer for the 6” 650µm thick wafers with 1min SF6 with and without
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Figure C-2: Nearly radially symmetric etch depth across 6” 650µm thick wafer with
1min SF6
oxide smoothing. These figures also show loosely estimated fits of the radius using
MatlabTMand the resultant estimations of the radius. You can see from the images
that the circles used to estimate the fillet radius are not always well fit.
Figure C-3: Cross-section views of hub root fillets at various radial wafer locations
and circular fits 6” 650µm thick wafer with 1min SF6 and oxide smoothing
ABAQUSTMwas used to look at the effects of varied fillet radius variation on
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Figure C-4: Cross-section views of hub root fillets at various radial wafer locations
and circular fits of 6” 650µm thick wafer with 1min SF6 and oxide smoothing
maximum stress in the RHFS. A table was made with with the maximum stress
output from ABAQUSTMfor fillet radius between 1µm and 12µm in increments of
1µm and varied applied load. Figure C-5 shows the error from assuming a 11µm
fillet radius when the actual radius is something between 1µm and 12µm.
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load = 0.716MPa
Figure C-5: Percent error in σmax estimate by assuming fillet radius of 11 µm for
actual fillets of 1-12 µm (Maximum load considered is maximum loader load ability)
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Although the error in the σmax estimate can be as high as 10%, it has little effect
on the resultant Weibull parameters. Figure C-6 shows results of RHFS data tests for
previous researchers, my work accounting for etch depth variation over the wafer, and
my work accounting for maximum and minimum results from assuming a fillet radius
variation between 1µm to 12µm. The larger single symbols on the plot are for the
etch depth variation results and the smaller pairs of symbols on the plot represent the
1µm to 12µm radius results. Because the pairs of symbols for 1µm to 12µm do not
account for etch variation over the wafer, they are not always around the same area
as the point that does. I cannot account for both varied fillet radius and etch depth
at the same time without spending a significant amount of time on ABAQUSTM. I
think the results sufficiently show however how insensitive the Weibull parameters are
to variations in radius about the average as well as to show that there is no significant
improvement in strength and reliability for larger fillet radii.
 
Figure C-6: Comparison of RHFS Data including variation due to varied fillet radius
neglecting the effect of varied etch depth
Effects of Wafer Thickness Variation
A number of wafer thicknesses were used in this research. Possible error due to using a
different wafer thickness was a concern and so ABAQUSTMwas used to make a table
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of maximum stress in RHFS made from 450µm wafers for etch depths of 300µm,
310µm, 320µm, and 330µm and varying applied loads. The error associated finding
maximum stress from applied load assuming the 450µm wafer was actually a 650µm
wafer for the ∆h etch depths of 0µm, 10µm wafer, 20µm wafer, and 30µm were found
and are shown in figure C-7. From this figure we see the error is less than a percent
which would have a negligible effect on the resultant Weibull parameters.
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Figure C-7: Error in σmax by using 650µm wafer data for a 450µm wafer
C.1.2 Experimental Error
Effects of Number Data Points with Virtual Experiment
This subsection describes how error in Weibull parameter estimations associated with
the number of samples tested was determined. We use MatlabTMto run a virtual
experiment for a range of different sample set sizes. For each sample set size n,
the virtual experiment is run 100 times and an average of the experimental error in
Weibull parameter estimations is found.
We first define a Weibull distribution with characteristic strength σ0 and Weibull
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parameter m. Using these parameters, we randomly choose n strengths σ in this
distribution with the probability defined by this Weibull distribution. We then use
the method described in section 4.3.1 to find the Weibull parameters from the virtual
experimental data σestimate and mestimate. The error in the estimation of the Weibull
parameters from the virtual experimental data if found by comparting the parameters
to those defined for the simulation σ0 and m. Figure C-8 illustrates the average virtual
error versus data set size. We can see that for sample sets with more than 50 data
points, error is Weibull parameter estimation will be about 2%.
 
Figure C-8: Simulated Weibull experiments estimate of error for varied data points
Further Validation of Etch Depth and Fillet Error with Virtual Experiment
Using this virtual experiment, we looked at the effects of RHFS fillet radius variation
of 11±2µm and an etch depth of 500±10µm (on a 650µm thick wafer) results in the
same 2% for more than 50 data points.
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Appendix D
Weibull Plots
D.1 RHFS Weibull Plots
 
Figure D-1: Weibull Distribution for 6 inch 650µm Thick Wafer with 1 minute SF6
Smoothing and 112 Data Points
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 Figure D-2: Weibull Distribution resulting from data binning for 6 inch 650µm Thick
Wafer with 1 minute SF6 and 55 Data Points
 
Figure D-3: Weibull Distribution for 6 inch 650µm Thick Wafer with 1 minute SF6
and Oxidation and 108 Data Points
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 Figure D-4: Weibull Distribution resulting from data binning for 6 inch 650µm Thick
Wafer with 1 minute SF6 and Oxidation and 54 Data Points
 
Figure D-5: Weibull Distribution for 4 inch 450µm Thick Wafer with 1 minute SF6
and 42 Data Points
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data
m = 2.1437, σ0 = 1.4873
Figure D-6: Weibull Distribution resulting from data binning for 4 inch 450µm Thick
Wafer with 1 minute SF6 and 20 Data Points
 
Figure D-7: Weibull Distribution for 4 inch 450µm Thick Wafer with 1 minute SF6
and 0.5 hours H2 Annealing and 56 Data Points
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data
m = 6.1321, σ0 = 0.89209
Figure D-8: Weibull Distribution resulting from data binning for 4 inch 450µm Thick
Wafer with 1 minute SF6 and 0.5 hours H2 Annealing and 26 Data Points
 
Figure D-9: Weibull Distribution for 4 inch 600µm Thick Wafer with 1 minute SF6
and 2.5 hours H2 Annealing and 52 Data Points
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data
m = 6.1996, σ0 = 1.1896
Figure D-10: Weibull Distribution resulting from data binning for 4 inch 600µm Thick
Wafer with 1 minute SF6 and 2.5 hours H2 Annealing and 22 Data Points
 
Figure D-11: Weibull Distribution for 6 inch 500µm Thick Wafer with 6 minutes SF6
and 71 Data Points
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data
m = 3.2965, σ0 = 4.8517
Figure D-12: Weibull Distribution resulting from data binning for 6 inch 500µm Thick
Wafer with 6 minutes SF6 and 37 Data Points
 
Figure D-13: Weibull Distribution for 6 inch 500µm Thick Wafer with 6 minutes SF6
and Oxidation and 67 Data Points
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data
m = 2.33, σ0 = 6.3606
Figure D-14: Weibull Distribution resulting from data binning for 6 inch 500µm Thick
Wafer with 6 minutes SF6 and Oxidation and 35 Data Points
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data
m = 5.2955, σ0 = 2.9338
Figure D-15: Weibull Distribution for 6 inch 650µm Thick Wafer with 1 minute SF6,
Oxidation, and UHV and 68 Data Points
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data
m = 5.9644, σ0 = 2.9509
Figure D-16: Weibull Distribution resulting from data binning for 6 inch 650µm Thick
Wafer with 1 minute SF6, Oxidation, and UHV and 29 Data Points
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Appendix E
Experimental Evaluation of
Pressure Vessel Features
This appendix describes experimental work that can be done using a pressure vessel
coupon (PVC) to demonstrate key aspects of the silicon pressure vessel design.
E.1 Pressure Vessel Coupon Design
The pressure vessel coupon design consists of the three concentric layers of honeycomb
cells made by bonding two wafer layers together with small through-holes etched on
the bottom through which the cells can be pressurized. Figure E-1 illustrated a single
PVC with a cross-section taken through the top wafer so that the inside of the PVC
can be seen. For ease of testings, the PVC is designed to be pressurized with an
external connection to a high pressure tank with a minimum of 2000 psi pressure.
E.2 Fabrication
The fabrication of the PVC will now be described which is illustrated in figure E-2.
The process begins with two double side polished <100> orientation wafers. The
wafers are RCA cleaned so that they can be placed in a high temperature tube to
have 500 nm of wet thermal oxide grown on them at 1000◦C. Once coated with
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Figure E-1: Illustration of PVC with cross-section taken through top portion to reveal
inner geometry
oxide, the front and back of the wafers are coated with a thick layer of photoresist
with a thickness of about 8µm. (Both the front and back of the wafer are coated
with photoresist to protect the backside from damage during the etching processes.)
Wafer 1 (indicated by W1 on figure E-2) is exposed with mask 1 (indicated by M1 on
figure E-2) and developed to reveal the cell patterns. The oxide is then plasma etched
(better results have been found with plasma etching of oxide over wet etching), the
silicon is then etched with DRIE, and finally a isotropic SF6 etch is done to give nearly
spherical end caps on the cells. The second wafer (W2) is etched in nearly the same
way as wafer 1 except that there will be an additional photo cycle and etch initially
to create the through holes for pressurization on the wafer backside. The through-
hole etch on wafer 2 will be done with a thick resist cycle, plasma oxide etching, and
DRIE. The isotropic etch done on the frontside of wafer 2 will additionally smooth
any roughness and sharp corners from the backside through-hole etch. The resist
and oxide are stripped with an oxide plasma and wet HF etch from wafers 1 and 2
respectively. The wafers are then bonded together and exposed to surface migration
for strength recovery. The wafers are then diced into individual PVC samples using
a die saw.
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(a) Etch top portion of cells
 
 
 (b) Etch bottom portion of cells with open-
ing for pressurization
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Bond top and bottom cell portions to-
gether
 
 
 
 
 
 
 
 
 
 
 
 
 
(d) Surface migration to reduce flaws
Figure E-2: Fabrication steps for PVC
E.3 Experimental Setup
An experimental setup was conceptualized to test the PVC. FigureE-3 illustrates a
cross-section of the test setup. The test setup holds the PVC between two stainless
steel plates held together with screws with area machined out to allow the PVC cells
to deform as needed when pressurized. Two o-rings are used between the stainless
steel blocks and the PVC to prevent leakage of pressurization gas and offer a softer
interaction between the stainless steel supports and the silicon specimen.
E.4 FEM Modelling
Preliminary work was done using ABAQUSTMto analyze deformation of the test setup
and the stresses from the o-ring supports on the PVC. Figure E-4 illustrates how the
pressure vessel coupon and o-ring interactions are modelled as circular pins on the
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Breakdown of Pressure Vessel ABAQUS Model
Test Setup
ABAQUS model of test setup
Figure E-3: Illustration of PVC experimental setup
top and bottom PVC surface. The light gray shading around the surfaces inside
the bottom o-ring on the figure indicates the region exposed to pressurization in
the model. Only a quarter of the coupon was simulated with symmetric boundary
conditions on the quartered sides.
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Breakdown of Pressure Vessel ABAQUS Model
Test Setup
ABAQUS model of test setup
Figure E-4: Simplified model of o-rings as pins on PVC
Figure E-5 illustrates resultant principal stresses on a PVC designed with no
significant SF6 to form the somewhat spherical end caps on the PVC cells. The
model is pressured with 2,000 psi. The model is not fully complete because it has not
been successfully partitioned to have convergent behavior for increased mesh fineness.
Mesh sensitivity for this model can be found in appendix F. The model should also
be modelled with a larger fillet on the cell corners (to model a somewhat spherical
end cap). The model however does suggest that the test setup proposed for the PVC
will not result in significant bending of the structure which would corrupt the desire
of the test to model actual pressure vessel behavior.
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Results for 2,000 psi pressure. Deformation shown 2x actual deformation.
Figure E-5: Illustration of principal stress distribution in PVC FEM model with 2x
exaggerated deformation
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Appendix F
Mesh Sensitivity Studies
F.1 RHFS Mesh Sensitivity Studies
A mesh sensitivity study was done for the baseline RHFS FEM model for loads of
10.74MPa, 35.81MPa, and 57.3MPa. The results of this study are shown in the
following plots. Fluctuations in maximum stress with respect to seed sizes smaller
than 150µm showed minimal fluctuations. Seed size in the model represented the
distance between seed points which defined distance between grid points. The smaller
the seed size the finer the mesh. A seed size of 50µm was used for geometry variation
studies. For the fillet radius area, partitions were manually added to the model to
refine the mesh around the small geometry variation.
F.2 PVC Mesh Sensitivity Studies
A mesh sensitivity study was done for the baseline RHFS FEM model for loads of
6.895MPa, 10.34MPa, and 13.79MPa. The results of this study are shown in the
following plot.
159
Max Stress vs. Seed Size for 15 N Load
2.5
2.55
2.6
2.65
2.7
2.75
2.8
2.85
2.9
2.95
3
00.050.10.150.20.250.3
Global Seed Size (mm)
M
ax
 S
tr
es
s 
[G
Pa
]
15 N
Max Stress vs. Seed Size for 50 N Load
8.3
8.5
8.7
8.9
9.1
9.3
9.5
9.7
9.9
00.050.10.150.20.250.3
Global Seed Size (mm)
M
ax
 S
tr
es
s 
[G
Pa
]50 N
Max Stress vs. Seed Size for 80 N Load
13
13.5
14
14.5
15
15.5
16
00.050.10.150.20.250.3
Global Seed Size (mm)
M
ax
 S
tr
es
s 
[G
Pa
]80 N
Figure F-1: RHFS FEM mesh sensitivity
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 Figure F-2: PVC FEM mesh sensitivity
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